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ABSTRACT
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ABSTRACT

The low temperature environm ental degradation (LTED) o f yttria-stabilized tetragonal
zirconia polycrystal (Y-TZP) has been prevented, or at least retarded, by using both bulk
doping and surface doping m ethods with either cation, or anion, stabilizers. The
introduction o f both mullite and alum ina into 3Y-TZP by a bulk-doping m ethod was
found to be effective in suppressing the tetragonal-»m onoclinic transform ation induced
by w ater during hydrotherm al treatm ent thus giving rise to better mechanical properties.
The beneficial effects o f alum ina on the phase stability o f the 3Y -TZP ceram ic are
considered to be due to the increase in the elastic modulus o f the constraining matrix, as
well as to the segregation o f A LO 3 at grain boundaries. The LTED transformation
kinetics as determined by x-ray diffraction (XRD) and W hite Light Interferom eter (WLI)
analysis showed that the isotherm al tetragonal-to-m onoclinic transform ation starts from
the surface and has an incubation-nucleation-grow th m echanism w hich can be described
by the Johnson-M ehl-Avram i equation. The degradation o f Y-TZP ceramic after
hydrotherm al treatment can be effectively overcom e by surface doping by a solid
diffusion m ethod with tetravalent dopants: C e02 and GeCL; with trivalent dopants: La 2 C>3
and Fe 2 0 3 ; and with divalent dopants: CuO and M gO. For surface CeCL-, G eCV and
Fe 2 0 3 -doping, this degradation inhibition behaviour is attributed to a localized increase in
cation stabilizer content which satisfies the requirem ents for stabilization o f the tetragonal
phase. H owever, in each case, the stability m echanism s are different. For surface La 2 C>3 doping, surface doping overcom es the form ation o f La 2 C>3 and La 2 Zr 2 C>7 since the extra
La 2 C>3 can further diffuse to the center o f the 3Y -TZP ceram ic. For CuO -doping, small
am ounts o f CuO form a liquid that can act as a conduit for the re-distribution o f yttria. In
the case o f surface M gO m odification, the stabilization results from the isolated nature of
the tetragonal phase w hich is precipitated in a stable cubic zirconia matrix phase. The
degradation o f Y-TZP/AI 2 O 3 ceram ic can also be effectively prevented by cation
stabilizer surface doping using a liquid infiltration method. It was found that the
introduction o f mullite as a second phase in the surface o f the com posite is very effective
in inhibiting LTED of Y -TZP/A LO 3 com posite when the average volum e fraction of
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infiltrated m ullite within the infiltration zone is m ore than

1 0

wt%, and the depth o f

infiltrated m ullite is more than 500 |im .
LTED can also be effectively overcom e by surface doping with anion stabilizers:
carburizing, nitriding or carbonitriding. It is found that carbon m ainly exists in the
octahedral interstitial sites in the TZP lattice as pure atoms, rather than form ing a Zr-O-C
structure sim ilar to the Zr-O -N or Zr-Y -O-N structures form ed after nitrogen is
introduced into the TZP lattice. The reverse transform ation, from the m onoclinic to the
tetragonal phase, can be obtained by carburizing at various tem peratures. The loss of
m echanical properties in a low tem perature w ater-degraded 3Y -TZP ceram ic can thus be
partially recovered by carburizing. For surface carbonitriding, the stronger surface
stability is attributed to the sim ultaneous effects o f nitrogen and carbon ions since
nitrogen and carbon ions occupy totally different sites in the zirconia lattice. The
thickness o f the surface transform ed layer was observed to increase in a m anner
consistent w ith a parabolic rate law which shows that the carbonitriding process is
controlled by diffusion. It has been found that the com bined diffusivity for carbon and
nitrogen is low er than for pure nitrogen or oxygen, but is much higher than for cations in
Z r 0 2.
A study o f the influence o f a high strength electric field on the degradation o f 3Y-TZP
shows that oxygen vacancies play an im portant role. The volum e fraction o f m onoclinic
phase produced by the electric field increased in a parabolic rate law m anner which shows
that the transform ation under the high strength electric field is also controlled by a
diffusion process. The effect o f tem perature at a constant electric field on the degradation
shows that the transform ation can be prom oted only in a specific tem perature range.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 GENERAL INTRODUCTION
Zircon has been known as a gem from ancient times. The nam e o f the m etal, zirconium,
com es from the Arabic Zargon (Golden in color) which in turn com es from the two
Persian words Z a r (Gold) and Gun (Color). Zirconia, the metal dioxide (Zr 0 2 ), was
identified as such in 1789 by the German chem ist M artin Heinrich Klaproth in the
reaction product obtained after heating some gem s, and was used for a long time blended
with rare earth oxides as a pigm ent for ceram ics [ 1 ].
Prior to 1975, pure zirconia was o f very lim ited interest as a structural or engineering
ceram ic, and its use was restricted to refractory applications [2]. This lim it to its
application is attributable to the displacive tetragonal (t) to m onoclinic (m) phase
transform ation, w hich occurs at ~950°C on cooling in pure Zr 0 2 and is accom panied by a
shear strain o f -0 .1 6 and a volum e expansion o f - 4.5% . U naccom m odated, this change
o f shape in the transform ing volum e can result in catastrophic fracture and, hence,
structural inreliability o f fabricated com ponents. However, Zr 0 2

has other intrinsic

physical and chem ical properties, including high hardness, w ear resistance, low
coefficient o f friction, chem ical inertness, ionic conductivity, electrical properties, low
therm al conductivity, coupled w ith a Y oung’s m odulus in the sam e order o f magnitude o f
stainless steel alloys, and high m elting tem perature, that m akes it attractive as an
engineering (structural and electrical) material in the autom otive and other industries, as
well as a biom aterial in m edicine applications. The most dramatic increase in its industrial
applicability was brought about by the discovery [3] that the t —» m transform ation can be
controlled by suitable m aterial processing to becom e the source o f transform ation
plasticity and transform ation toughening in tailored, tw o-phase m icrostructures.
The recognition [3] that a Zr 0

2

alloy can exhibit im proved strength and high toughness

has stim ulated an intense effort to understand the im plications and applications o f the
transform ation to the enhancem ent o f m echanical properties [4-9]. M echanical property
evaluation and m odeling was initiated and pursued with great vigor and ingenuity in the
late 1970s and the 1980s. T he discovery that the t —> m transform ation m ight be
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controlled to enhance properties has proven to be a pivotal point in the developm ent o f
im proved engineering ceram ics in general, and the study o f toughening in ceramic
systems in particular [10-11]. A fracture toughness o f more than 20 M Pa«m l/ 2 and a
fracture strength o f more than 2000 M Pa have been reported [12-13] for yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) ceramics.
Many zirconia ceramics have been developed com m ercially, and some exam ples o f
m agnesia-partially-stabilized zirconia (M g-PSZ) and Y-TZP products are shown in Figs.
1-1 and 1-2 [14].

Fig. 1-1 Small industrial com ponents, from left to right: Y-TZP kitchen knife; hot-pressed
Y-TZP office scissors; M g-PSZ com ponents including two oil-well ball valves; butterfly
valve; glue transfer roller; two small valve liners; series o f three mechanical valves used
in paper; chemical, and mining industries; three com ponents used in the metal-forming
industries (two rollers used for closing metal cans and a wire guide used in metal
processing).

Fig. 1-2 Larger M g-PSZ com ponents, from left to right: valve seat; valve liner;
hom ogenizing plunger used in the food industry; ball valve; shear blade; larger ball valve;
three screw conveyor hanger bearings; hydro-cyclone spigot-vortex finder. The largest
M g-PSZ com ponents fabricated to-date have been ball valves and cylinders 50 cm (~20
in.) in diam eter used as valve liners.
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U nfortunately, in studies o f the m echanical property behavior o f Y-TZP alloys it has been
found [15] that certain alloys were exceedingly susceptible to low tem perature
environm ental degradation (LTED). The dram atic influence o f m oist environm ents on the
mechanical properties can be likened to stress corrosion in a metal. That is, a large
-com ponent o f residual stress in a metal, for exam ple, due to cold work, increases the
susceptibility o f the materials to corrosion attack. In the zirconia-based alloys, stress
corrosion may be due to the m etastable nature o f the t-phase caused by the presence o f
solute in the lattice, which reacts in the presence o f som e external agent and causes bond
rupture. Bond rupture for a metal results in brittle failure and for zirconia prem aturely
induces the t- to m-phase transform ation thereby exacerbating the localized stress to
further transform ation and consequent m icro- and macrocracking. This environm ental
sensitivity problem, and its underlying causes, continues to be a dom inant area o f Y-TZP
research.

1.2 AIM OF THIS RESEARCH
The general aims of this study were:
1). To find effective m ethods to prevent the low tem perature environm ental degradation,
w hilst at the same time keeping the m echanical properties as high as possible.
2). Increase the phase stability using surface engineering m ethods utilizing both cation
and anion stabilizers.
3). Analyze the low tem perature environm ental degradation m echanism s from both
experim ental and theoretical points o f view.
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2.1. HISTORICAL PERSPECTIVE
The nine m ajor bench marks in the field o f zirconia before 1980 are listed in Table 2-1 [3,
16-34]. The discovery o f baddeleyite in 1892 in Brazil, by Hussak, was followed soon
thereafter by attem pts at its exploitation for refractory applications. R uff and Ebert [16],
in a classic study, used X-ray diffraction (XRD) to establish the monoclinic sym m etry o f
zirconia at room temperature. They also studied the m onoclinic-tetragonal transform ation
at >1000°C by high tem perature XRD. R uff and cow orkers [17] dem onstrated, in the
same year, the disruptive phase change in zirconia, as well as the stabilization o f the
m aterial by the addition o f metal oxides. Related to this is the determ ination o f binary
phase equilibria o f ZrC>2 with RO and R 2 O 3 (here, R is a metal atom) by D uw ez and
cow orkers [18, 19]. Both these aspects were studied more extensively in subsequent
years.
W hile refractory applications represent the m ajor tonnage usage o f stabilized zirconia,
N em st [20], as early as 1900, used zirconia as a glow er for incandescent lighting. W agner
[21] explained the defect structure o f stabilized zirconia, and K iukkola and W agner [22]
determ ined its electrolytic nature and used it as an oxygen concentration cell in
therm odynam ic measurem ents. K ingery et al. [23] confirm ed the oxygen ion conduction
through diffusion and conductivity measurements.
U sing high tem perature (>2370°C) XRD, Smith and Cline [24] identified the cubic phase
o f zirconia, though doubts have been raised about the possible contam ination, or
reduction, o f zirconia at such
tetragonal—»monoclinic

transition

high
in

tem peratures
Z 1O 2

prom pted

[25].

Careful

W olten

studies o f the

[26]

to

liken

this

transform ation to that o f m artensite. M any studies, which have since been undertaken,
support the m artensitic nature o f the transition [27-29]. These studies have led to the
developm ent o f transform ation

strengthening

in

partially

stabilized

appropriate heat treatm ent [3, 30, 31].
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The ionic conductivity and transform ation toughening o f zirconia have opened up such
nonrefractory uses o f zirconia as oxygen sensors, heating elem ents and extrusion dies,
etc. M uch o f the progress in transform ation behavior and processing is due to the detailed
crystal structure analysis o f the various phases o f zirconia, using pow der as well as single
crystal diffraction methods [32-34]. A conference, totally devoted to ziconia, organized in
1962 at the W right-Patterson A ir Force Base must be recognized as a significant
landmark.
The literature on zirconia published after 1980 will be reviewed in detail in this chapter.
Table 2-1 Bench m arks in the history (before 1980) o f zirconia
Ref. (Year)

No.

Event

1

D iscovery o f baddeleyite in Brazil

H ussak (1892)

2

Identification o f m onoclinic sym m etry o f ZrC>2 and

16 (1929)

monoclinic to tetragonal transform ation by XRD
3

4

Stabilization o f zirconia by RO, R 2 O 3 ,

17, 18, 19

and binary oxide phase diagrams

(1929,1951, 1952)

Ionic conductivity and defect structure

20-23

o f stabilized Z 1O 2

(1900, 1943, 1957, 1959)

5

Existence o f cubic Z 1O 2

24 (1962)

6

M artensitic nature o f m onoclinic-tetragonal

26-28

transform ation

(1963, 1974, 1974)

Transform ation-toughened PSZ

3 ,3 0 ,3 1

7

(1975,1975,1978)
8

Crystal structure analysis

32-34
(1959,1965,1962)

9

Topical conference on ZrC>2

W right-Patterson AFB
(1962)

2.2. OCCURRENCE
The two main sources o f zirconia are: (1) baddeleyite in Brazil, w hich contains 80-90%
ZrCL, with TiCL, SiC>2 , Fe 2 C>3 , etc. as m ajor im purities and (2) zircon, ZrSiCL, which
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occurs as secondary deposites in K erala (India), New South W ales (Australia), and
Florida (U.S.A.). Since it constitutes

0 .0 2

to 0.03% of the earth’s crust, zirconia is more

abundant than many m etallic ores.

2.3. TRANSFORMATION TOUGHENING
Transform ation toughening o f ZrOa was first reported in a paper entitled “Ceramic
Steel?” by G arvie, H annink, and Pascoe [3]. This title was purposely chosen to em phasize
the features that ZrCL-based alloys have in com m on with alloys o f iron. ZrCL has a
thermal expansion coefficient and elastic m odulus sim ilar to steel. Also, sim ilar to iron,
ZrCL has several allotropes, and it can be alloyed to achieve a variety o f m icrostructures
and, hence, a range o f properties. M ost notably, both system s exhibit martensitic
transform ations at relative low tem peratures and, as with the form ation o f martensite in
steel, the tetragonal —» m onoclinic transform ation in ZrC>2 can be used to enhance the
strength and fracture toughness o f materials o f appropriate com position through careful
m icrostructural control.
Transform ation toughening o f ceram ics, based prim arily on the tetragonal —» monoclinic
transform ation in ZrC>2 , has been studied and described in considerable detail [4-9, 3537]. M artensitic phase transform ations have been identified in a range o f ceramics
considered as possible candidates for transform ation toughening [38, 39]. These ceramic
systems have included calcium disilicate, refractory sulfides, and the lanthanide
sesquioxides. Prelim inary results dem onstrate potential for using some o f these ceramics
as toughening agents in different matrices. F or exam ple, a dispersion o f m onoclinic (|3)
dicalcium silicate in calcium zirconate results in a fivefold increase in toughness [39].
H owever, to date, these possible alternatives have been o f scientific interest, but none
have been m anufactured to exhibit mechanical behavior that has successfully led to
com m ercially viable products. Therefore, ZrCL-toughened ceram ics (ZTC) are the focus
o f this thesis.
As shown schem atically in Fig. 2-1 [14], pure ZrC>2 at am bient pressure is polym orphic,
exhibiting a cubic (c) (fluorite) structure (F m 3 m ) at high tem peratures (>2370°C), a
tetragonal structure

(P ^ /n m c )

at interm ediate tem peratures

(1200°-1270°C), and
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monoclinic symmetry (P2//c) at low temperatures (<950°C). At high pressure, it has been
reported to adopt two distinguishable orthorhom bic structures (space group Pbca and
Pnam), and a third orthorhom bic form (space group Pbc2i), closely related to the first o f
these, has been observed in some partially stabilized zirconias (PSZs). Typical values o f
the lattice param eters o f the phases o f ZrC>2 in commercial alloys are given in Table 2-2.

(a)

(b)

(c)

Fig. 2-1 Schem atic representation o f the three polym orphs o f ZrC>2 and the corresponding
space groups: (a) cubic (F m 3 m ), (b) tetragonal (P-fj/nmc), (c) monoclinic {P2i/c). [14]

Table 2-2. Lattice Parameters o f V arious Zr 0 2 -Based Alloy Systems
Alloy

Lattice param eters (A)*

(mol% )

ac

at

ct

Sni

bni

Cm

P

9.4M g-PSZ

5.080

5.077

5.187

5.117

5.117

5.303

98.91

8.4Ca-PSZ

5.132

5.094

5.18

5.156

5.191

5.304

98.8

5.132

5.228

5.193+

5.204+

5.362+

98.8+

5.116

5.157

5.102

5.176

12Ce-TZP
-4.5Y -P S Z
3 Y-TZP

5.130

* See Ref.8, pp220-21. f Measured at ambient temperature from polished and liquid-nitrogen-quenched
surface
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The application o f the principle o f controlled transform ation to toughening has been wide
ranging. Claussen [40] has categorized three main groups o f ZTC (see Fig. 2-2),
subdivided into six different m icrostructural systems. C om m ercial developm ent o f the
ZTC systems has led to the em ergence o f three favored systems: PSZ, TZP, and dispersed
zirconia ceram ics (DZC). The three systems vary in the volum e fraction o f the m etastable
t-phase used and the m anner in which it is dispersed and retained w ithin a fabricated
body.

Typical

exam ples

of

three

com m on

forms

of

transform ation-toughening

m icrostructures are shown in Fig. 2-3. In PSZ systems, the toughening is due to the
transform ation o f dispersed t-Z r0 2 precipitates, o f lenticular form , in M g-PSZ (Fig.23(a)). The transform ation in Y-TZP and Ce-TZP occurs w ithin equiaxed grains o f
polycrystalline t-Z r0 2 (Fig.2-3(b)). In DZC, the stress-activated transform ation is induced
w ithin t-Z r0 2 particles dispersed in ceramic matrix; Fig.2-3(c) shows the m icrostructure
o f ZTA, the m ost com m ercially developed o f the DZC systems.
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Fig. 2-2 Classification o f ZTC m icrostructures, as proposed by Claussen. [40]
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Fig. 2-3 Typical inicrostructures o f the three com mon forms o f TTZ alloy: (a) TEM
micrograph o f t precipitates in M g-PSZ; and SEM micrographs o f (b) Y-TZP and (c)
ZTA. In (c), the ZrC>2 grains are in bright contrast. [14]
The prim ary fabrication objective for any transform ation-toughened ceramic (TTC)
material is production and retention o f a m etastable t-ZrC >2 phase that transforms to mZrC>2 at/or near room tem perature under the influence o f any applied stress which
includes a significant shear com ponent. Control o f com position, generally with aliovalent
cations*, and thermal treatm ent must then produce a t phase m icrostructure with an Ms
tem perature such that spontaneous transform ation does not occur on cooling to room
temperature. The critical stress intensity factor (fracture toughness) o f a brittle multiphase
material, Kic, is com m only described by a relationship o f the form
K ,c= K o + AKc

(2-1)

where Ko is the matrix toughness and AKc the contribution from various crack-shielding
mechanisms. In a ceram ic containing a suitable distribution o f m etastable t-ZrCL, the
stress-activated tetragonal —> m onoclinic transform ation in the stress field o f a potentially
dam aging crack imparts useful toughness to the ceramic through m echanism s associated
with the accom panying transform ation shape change. The volume change accompanying
'Extrinsic defects can be o f the same charge as the ion they replace (isovalent) or they can have a different
charge state (aliovalent).
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transform ation creates a com pressive strain field aroud the crack tip to oppose crack
propagation, while the strain energy associated with any net shear com ponent o f the
transform ation strain in the transform ation zone contributes an effective increase to the
energy o f fracture. Additional contributions to toughness may result from m icrocracking
associated with accom m odation o f the transform ation shape strain, and from crack
deflection within the transform ation zone ahead o f the crack [35].
For ZrCb alloys o f the appropriate m icrostructure, three principal shielding m echanism s
have been identified as contributing to Kic [11,41,42]. These are: transform ation
toughness, AKcr; transform ation-induced m icrocrack toughness A K cm ; and crack
deflection toughness A K cd - O ther recognized crack-shielding m echanism s include crack
bridging and crack trapping [11]. The extent o f the contribution from each m echanism
depends on the scale, m orphology, dispersion, and volum e fraction o f the transform ing tZ r 0 2 . The following brief discussion focuses on the general contributions due to A K c t,
whereas transform ation-toughening m echanism s are com prehensively reviewed and
discussed by H annink et al. [14].
Theories developed to describe the transform ation-toughening increm ent are generally
defined based on energetic or m echanic argum ents, which assum e isotropic materials with
a dim inishing transform ation zone extending both from the crack tip and from the surface.
[35,36,43,44] The energetic and mechanistic approaches, although incom plete, predict
com parable relationships for a transform ing volum e of t-ZrC>2 . The contribution to the
toughness resulting from stress-activated transform ation, A K c t, is com m only given by an
expression o f the form

7iE*eTVf hU2

AKc t = ---------l-V '

7

—

( 2 -2 )

w here rj is a factor depending on the zone shape at the crack tip and the nature o f the
stress field in that zone (see T able 2-3), E* the effective m odulus o f the material, g T the
dilatational strain, V f the transform ed volum e fraction o f particles, h the w idth o f the
transform ation zone from the crack surface (i.e., the half height o f the zone), and v the
Poisson’s ratio. The matrix m odulus E* plays an im portant role in determ ining the
effectiveness o f the dilatational strain [43]. For exam ple, a stiffer matrix, such as A12 0
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(E*=~380GPa, v=0.2), constrains the transform ation more than does ZrC>2 (E*=~210GPa,
v=0.3), decreasing the extent o f the transform ation zone h. The decreased h is due to a
decrease in V f that results from the high m atrix E* value that oppose the transformation.
To determ ine A K ct for a transform ation-toughening system , E*, er, V f, and h generally
can be obtained by independent m easurem ent, either before or after sam ple fracture. Such
m easurem ents also indicate the effect o f E* on h.
Table 2-3 Sum m ary o f M odel Toughening Predictions and Experim ental V alues o f r| in
Eq. (2-2)
Model

Transform ation
initiation stress

Transform ation strain, e r

Constant, r\

M cM eeking & Evans
[46]

H ydrostatic

V olum e change

0.214

Budiansky et al. [44]

H ydrostatic

V olum e change

0.214

Evans & Cannon [35]

Shear bands

V olum e change

0.38

Lam bropoulos [48]

M axim um principal
stress

U niaxial dilatation

-0 .3 7

Lam bropoulos [47]

V olum e change &
reduced shear

V olum e change &
reduced shear

- 0 .2 2

Chen & Reyes-M orel
[50]

Shear & volum e
change

V olum e change

0.48

M g-PSZ, Swain [45],
Swain & Rose [51]

Experim ental
m easured value

V olum e change for

0.45

Ce-TZP, Chen &
Reyes-M orel [49]

Experim ental
m easured value

V olum e change for
Ce-TZP

M g-PSZ
0.22-0.32

In transform ation toughening o f ZrO i alloys, the strength and fracture toughness decrease
w ith increasing temperature, because the stability o f the t phase increases, and there is a
decrease in the chem ical driving force for the tetragonal —> m onoclinic transform ation. [8 ,
52] This increase in t-phase stability m eans that the transform ed volum e, V f, and the
transform ation zone size, h, decrease rapidly with increasing tem perature. Efforts to
im prove the transform ation-toughening contribution to ZTC at elevated tem peratures
have not proven successful to date, although som e possible high-tem perature toughening
m echanism s have been proposed. [39]
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W hen significant transform ation occurs in PSZ and TZP, these materials display a limited
am ount o f local plasticity through a nonlinear stress-strain behavior. This phenom enon is
m anifest in formation o f transform ation zones around hardness indents [53-57] and local
shear bands on the surface o f flexural bend bars [54,58,59], Although the transform ation
can be readily controlled to perm it localized transformation plasticity, it has been shown
[45] that, in general, for Z r 0 2 -based ceramic systems, there is an inverse relationship
between strength and toughness. The plot o f strength versus toughness for various ZrC>2 based alloys (see Fig.2-4 [45]) dem onstrates that a significant decrease in strength is
I j'S
required to allow a toughness increase above ~ 8 M Pa.m . It is proposed that, for
m aterials with Kic less than ~ 8 M Pa.m l/2, the strength is limited by flaw size, whereas,
above this value, it is limited by the stress-activated phase transform ation. In practical
term s, this means the stress to initiate transform ation is lower than the fracture stress;
therefore, transformation occurs preferentially and proceeds until the transform able I
phase is exhausted, at which stage the strength again becomes flaw-size limited.

3.0
•
A
♦
□

2.0

Y-TZP+ Al203
Y-TZP
Ce-TZP
Mg-PSZ

1.0

0

10

15

20

Fracture toughness (MPa m1/2)
Fig. 2-4 Strength versus fracture toughness for a selection o f ZrCL-toughened engineering
ceramics. M aximums in the curves indicate a transition from flaw-size control o f strength
to transform ation limited strength. [45]
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2.4. CRYSTAL STRUCTURES OF ZIRCONIA
2.4.1 PURE ZIRCONIA PHASE
The tem perature - pressure phase diagram for pure zirconia serves as a useful starting
point for the description o f the different polym orphs o f zirconia. The diagram shown in
Fig.2-5, which is based on that given by O htaka et al [60], represents the current state o f
know ledge o f this diagram.

2500 - Ctibic RrGm
q 2000

O

. 1500
Hexagonal??
Tetragonal F42 / nrrc

2? 1000

CD

Q.
E

IVbnoclinic

/c
Orthorhorrbic Fham

jO) 500
Orthorhorrbic Fbca

°0

5

10
Pressure,

15

20

25

(GPa)

Fig. 2-5 Tem perature-pressure phase diagram o f pure zirconia as currently understand
[60]
The am bient pressure phases are m onoclinic baddeleyite (m), stable to 1205C0, a
tetragonal phase (t) from 1205C0 to 2377C°, and the cubic fluorite structure (c) stable
from 2377C° to the m elting point at 2710C0 [61]. T he m onoclinic to tetragonal phase
transform ation is accom panied by a reduction in m olar volum e (see Fig. 2-5), so the
application o f pressure w ill low er the tem perature o f this transform ation. There is
how ever little or no volum e change associated with the transform ation from the tetragonal
to the cubic phase so the application o f pressure will have little effect. In fact, from
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therm odynam ic considerations, the initial slope o f the phase boundary (derivative of
tem perature with respect to pressure) is proportional to the volum e change for each
transformation. This means the initial slope o f the m /t phase boundary is negative and that
o f the t/c boundary is close to zero.
It has been clearly established by in-situ Ram an spectroscopy [62-64] and X-ray
diffraction [65,66] that pure zirconia at room tem perature undergoes two phase
transform ations under pressure, at 3.5 G Pa and at around 15 GPa. U p to 3.5 G Pa, zirconia
retains its monoclinic form. The phase observed between 3.5 G Pa and 15 G Pa has been
described at different tim es as tetragonal or centrosym m etric orthorhom bic, but is alm ost
certainly the centrosym m etric orthorhom bic structure described by O htaka and co
workers [67]. The phase found above about 15 G Pa is considered to have the
orthorhom bic cotunnite structure [ 6 6 ]. Arashi et al. [63] have reported that there is
another transition, to a tetragonal phase, occurring at 35 GPa. H owever, since in-situ
Ram an spectroscopy was not useful at this pressure, the report is based on change in the
X-ray diffraction pattern alone. Given that Haines et al. [6 6 ] have been able to fit the XRay diffraction above 35 G Pa on the basis o f the cotunnite structure, there m ust be
considerable doubt about the occurrence o f another structural change at 35 GPa. The
kinetics o f the pressure induced phase transform ations are reportedly extrem ely slow at
room temperature, and in m any cases m ixed phases resulting from incom plete
transform ations have been observed.
There have been several studies o f the phase diagram at elevated tem peratures and
pressures, by methods including in-situ optical polarizing m icroscopy on single crystals
[6 8 ], in-situ energy-dispersive X -ray diffraction from pow dered sam ples [65,68] and Xray diffraction from quenched sam ples [60,69]. These studies have led to reports o f one
additional polym orph, w hich is form ed under 20 G Pa above 1000°C, and w hich can be
therm ally quenched, but reverts to m onoclinic on com plete release o f pressure. The X-ray
diffraction pattern obtained after cooling (but retaining pressure) has been indexed on a
hexagonal unit cell.
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2.4.1.1 Cubic Zirconia
Pure cubic zirconia is a high tem perature phase exisiting from 2377°C to 2710°C in the
stoichiom etric form. It has the fluorite structure (see for exam ple [70]), as shown in Fig.
2

- 1 , in space group F m 3 m with a=5.12A. The structure is summarized in Table 2-4

[66,67,71-74].
Table 2-4 Structures o f pure zirconia phases
Cell Parameters, (A)
(Extrapolated to room temperature)

Space
Group

Atom Positions

Phase

Stability
Range
(K, GPa)

X

y

z

5.117

c
5.117

atom

2377-2710

b
5.117

P

Cubic1

90

Zr

0

0

0

0.25

0.25

1205-2377

5.074

5.074.

5.188

90

O
Zr
O

0.25

Tetragonal2

0

0

0

0.25

0.2044

Zr
Ol

0.25
0.2754
0.0700
0.4416

0.2083
0.3477
0.4792

P2,/c

02
Zr

0.2686
0.0822
0.5442

0.0395
0.3317
0.7569
0.0332

0.2558
0.1310

Pbca

a

Monoclinic3

0-1205

5.1507

5.2028

5.3156

99.194

Ortho I4

3.5-15GPa

5.0431

5.2615

5.0910

90

Ol
(O')

02

Ortho II5
(cotunnite)

>15GPa

Ortho ( o f

0-500K

5.593

5.068

6.484

5.260

3.333

5.077

90

90

0.3713
0.2447

0.110

0.356

0.422

0.25
0.25

02

0.022

Zr

0.267

0.331
0.030

0.250

Ol

0.068
0.537

0.361
0.229

02

P4i/timc

0.0052

0.256

Zr
Ol

Fm 3 m

Pnam

0.75
Pbc2,

0.106

0

1 From Tereblanche [71] extrapolated to 293K and 0% Y O 1.5.
2 Data from Lang [72] extrapolated to 293K . The t phase is here described in terms o f the face-centered
tetragonal cell o f unit cell parameter a. The usual crystallographic cell has a'=a / V 2 .
3 From Howard, Hill and Reichert [73].
4 Data from Ohtaka et al., [67], here w e have reduced the atom co-ordinates so they refer to the fluorite
subcell by quoting x'= (4x-3)/2.
5 Data from Haines et al. ambient pressure measurement o f quenched samples [6 6 ].
6 Only observed in alloy system s, data from Kisi et al. [74].

A lthough there is little room for structural variation in the undisturbed fluorite structure, it
should be noted here that the cubic phase extends over a very large range of oxygen
com positions, from ZT2O 3 to Z 1O 2 on the tem perature-com position phase diagram (Fig. 26

). The ‘preferred’ stoichiom etry (in an unlim ited supply o f oxygen) is uncertain, as are
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the structural im plications o f non-stoichiometry. It can be seen that oxygen non
stoichiom etry stabilizes the cubic phase to ~1525°C, well below the stability range o f the
stoichiom etric com pound (2377°C). It has been suggested [75] that the presence o f
oxygen vacancies in the structure is the cause o f this, and that the chem ical stabilization
which occurs when alivolent oxides (see page 9 for explanation) are alloyed w ith zirconia
is also due prim arily to the form ation o f oxygen vacancies (Section 2.4.2.1). The rationale
is that in the stable room tem perature form, m onoclinic phase*, the zirconium atoms are 7
co-ordinated [3 2 ,3 3 ],

Atomic Percent Oxygen

3000
L+G

P=1atm

2500
2130°C

2000

22
23.5

1500 S j

25.8
aZ r

26.C

E 1000
500

W eight Percent Oxygen

Fig. 2-6 The zirconium -oxygen phase diagram at standard pressure show ing the
m onoclinic (a ), tetragonal ((3) and cubic (y) phases o f Z 1O 2 : after [61]
w hereas in the cubic and tetragonal forms they are

8

co-ordinated [33] (see Fig. 2-7(a)

and (b)). Large concentrations o f oxygen vacancies provide a m echanism for the Z r to

* The main features o f the m onoclinic structure are: (1) sevenfold coordination o f Zr with a range o f bond
lengths and bond angles (see Fig. 2-7 (c)); (2) layers o f triangularly coordinated 0 |-Z r3 and (distorted)
tetrahedrally coordinated On-Zr4 (Fig. 2-7 (d)); (3) Zr atoms are located in layers parallel to the (100)
planes, separated by 0 [ and On atoms on either side (Fig. 2-7 (d)) and (4) the layer thickness is wider when
the Zr atoms are separated by Oi atoms than when they are separated by On atoms (Fig. 2-7 (d)). These
interlayer distances becom es equal in the tetragonal phase.
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oxygen neighbours w ithin the fram ew ork o f the higher

sym m etry structures.

0 0

(a)

l i d jr T c )

v

(b)

o

72.5
72.7
67.1'

o
66.2

75.6

63.5’

II a

1 1 .1 *

(c)

a sin /I

o

(d)

Fig. 2-7 Crystal structure o f ZrC>2 polym orphs: (a) projection o f a layer o f ZrOg group in
the cubic ZrO i on the (100) plane [33], (b) projection o f a layer o f ZrOg groups on the
(110) plane o f tetragonal ZK > 2 [33], (c) angles and interatom ic distances in the ZrC>7
coordination polyhedron o f m onoclinic ZrC>2 [33], and (d) projection o f the crystal
structure o f m onoclinic ZrCL along the cm-axis showing layers o f OiZr 3 and OnZr 4
polyhedra [32]
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Because o f the extrem e high tem peratures involved, there are no authoritative
m easurem ents o f the response o f the pure cubic structure to tem perature and pressure. A
reliable estimate o f the therm al expansion can be obtained by extrapolation from the
YOi. 5 -ZrC>2 alloy data o f Tereblanche [71] to 0 mol fraction Y O 1.5 . Such an extrapolation
appears in Fig.2-8 along with experim ental data for the other am bient pressure form s o f
pure zirconia.

5.4

0

<

a

5.3

5.2

Q)
CJ

V*

3

5.1

0

500

1000

1500

Temperature,

2000

2500

3000

K

Fig. 2-8 Therm al expansion o f the am bient pressure polym orphs o f zirconia shown as the
change o f the lattice param eters with increasing temperature. Values for the m onoclinic
phase are the values from references [61], those for the tetragonal phase are from Lang
[72] and for the cubic phase, the equation o f Tereblanche is extrapolated to zero mol%
YCh .5

2.4.1.2 Tetragonal Zirconia
U nder near-equilibrium conditions, stoichiom etric cubic zirconia transform s to the
tetragonal polym orph at 2377°C. The tetragonal structure (Fig. 2-1, Table 2-4) is easily
derived from the cubic structure by moving colum ns o f oxygen atom s alternately up or
dow n <001> type directions. This changes the z atom coordinate o f the oxygens by an
am ount S. The effect is to m ove four oxygen neighbours closer to the zirconium atom,
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and the other four oxygen atoms further away from it, so the eight oxygen neighbours
around each Zr separate to form two interpenetrating tetrahedra. It is believed that this
occurs because Zr is slightly too small to prevent 0 - 0 contact in an undistorted cubic
fluorite structure. The m ovem ents o f the oxygen atoms are accom panied by a slight
tetragonal distortion. A ssum ing that the two oxygen-oxygen contacts are o f equal length,
leads to a sim ple approxim ate relationship between S and c/a [76], viz

(2-3)

In reality, the constant appears to be 0.24 rather than Va [76]. In pure zirconia at elevated
temperatures, 5=0.054 and c/a= 1.025, and there is little dependence o f these param eters
on tem perature [77]. The space group is now P42/nmc (No. 137) and the structure is
usually described in the prim itive unit cell. However, the face centered cell detailed in
Table 2-4 will be used here for an easier com parison with the other phases.
The tetragonal phase is norm ally stable down to 1205°C, whereas the cubic structure is
stabilized to tem peratures below the stability range o f the stoichiom etric com pound by the
form ation o f oxygen vacancies (see section 2.4.1.1). This appears not to be the case for
the unalloyed tetragonal phase. The phase diagram in Fig. 2-6 suggests that t-Z r 0 2 -x only
exists in near-stoichiom eteric form, ie the structure is unstable to the form ation o f oxygen
vacancies in favour o f partitioning to give free Zr particles at low er tem perature or a
m ixture o f the c and t phases at higher tem peratures. There is som e contradictory
evidence from work on alloy phases (see 2.4.2.2.1) and other w ork (see below).
M eans for stabilizing t-Zr 0 2 -x below

1205°C include alloying with other oxides

(discussed in Section 2.4.2.2.1) and the so-called ‘grain size stabilization’. W hen the
particle size o f t-ZrC>2 -x is sufficiently small (order o f 300A) the contribution o f the
surface energy to the free energy o f the ceram ic was claim ed to be enough to favour the
tetragonal phase even at room tem perature [78,79]. Chem ical m ethods for producing
nanocrystaline zirconia pow ders require only very short term calcinations o f gels at low
tem peratures (eg 973K for 19 min. [80]) and it may be that the t-ZrC>2 -x is metastable. It is
doubtful that sufficient oxygen diffusion can occur to saturate the Zr under these
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conditions [75] and it has been suggested that the size-stabilized t-phase is actually an Odeficient form, stabilized by vacant O sites and possibly trapped O H' ions.
It has been shown that the ‘size stabilized’ tetragonal phase is crystallographically very
sim ilar to the normal form having the same space group [24]. The structure param eters
are sim ilar to the ‘norm al’ form having the sam e space group [80]. The structure
param eters obtained are a=5.078A , c=5.169A and 8=0.046 which differ slightly from
those for pure zirconia at elevated tem perature [77], but differ little from an extrapolation
o f high temperature values to room temperature. These param eter values are consistent
with Eq. (2-3).
Thermal expansion data for t zirconia are presented in Fig.2-8. The data used are those o f
Lang [72]. The expansion along the a- and c-axes can be represented as:

a (A) = 5 .0 5 6 2 + 6 .3 7 x l0 'sT
b (A) = 5 .1 6 7 3 + 7 .5 6 x l0 ‘sT

(2-4)

The c—H transform ation is a paraelastic —> ferroelastic transition with spontaneous strains
o f approxim ately ei i = - 0.0095 and

633

= 0.0167 at room temperature.

2.4.1.3 Monoclinic Zirconia
A t around 1205°C, the bulk tetragonal phase becom es unstable and transform s to
m onoclinic zirconia (baddeleyite) by a martensitic transform ation involving a 9° shear
and approxim ately 4.5% dilation. The structure is illustrated in Fig. 2-1 and Fig. 2-7 (c)
and (d). As mentioned in 2.4.1.1, it should be noted that the 8 -fold coordination o f the Zr
atom is lost during this transform ation in favour o f a 7-fold coordination. The space group
is P2]/c (No. 14) and the cell param eters and coordinates are detailed in Table 2-4.
As expected, the therm al expansion o f the m onoclinic phase is quite anisotropic (Fig. 28

). The cell param eter c changes markedly with increasing tem perature, whereas b

rem ains very nearly constant and is close to the average value o f selected values from
reference [6 1 ,8 1 ]. M ore recent neutron diffraction w ork on the tetragonal —> monoclinic
transform ation [77] is in good agreem ent with the data in Fig. 2-8. M onoclinic zirconia is
known to exhibit anisotropic elastic behavior, and the elastic constants have been
m easured by ultrasonic and B rillouin scattering techniques [82,83]. There are also some
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diffraction studies [76, 84,85] o f monoclinic zirconia under hydrostatic pressure. Table 25 gives the com pressibilities along the different crystallographic axes from the various
diffraction studies, com pared with values derived from the m easured elastic constant.
There is general consensus that the cell param eter b is the least com pressible. In this
respect, the results from Kawasaki and Y am anaka [85] are inconsistent with the others.
This behavior is consistent with the therm al expansion which is also sm allest along the b
axis, and is also reflected in the change in unit cell dim ensions on alloying (Section
2.4.2.3).
Table 2-5 Linear com pressibilities (10 ' 3 G P a'1) along the crystal axes in m onoclinic
zirconia
M ethod

X -ray diffraction

Crystal A xis

Reference

a

b

c

6 .2

2 .0

7.5

Kudoh et al., [84] and M cCullough
and Trueblood [8 6 ]

Energy-dispersive X-ray

3.3

3.1

2 .6

Kawasaki and Yamanaka, [85]

N eutron diffraction

3.4

1 .0

5.0

Howard, [76]

Elastic constants

1.9

0.5

3.5

N evitt et al., [82]

diffraction

2.4.2. ZIRCONIA ALLOYS
Because o f the destructive nature o f bulk tetragonal —» m onoclinic transform ation, pure
zirconia has been little used as an engineering ceramic. H owever, zirconia alloys with
vastly im proved properties are now in com m on use as tough ceram ics. In keeping with
the theme o f relating structure and properties, the effects o f alloying on the zirconia
phases will now be discussed. A com m on them e is the “stabilization” o f high tem perature
phases to room temperature by the form ation o f solid solutions. This is illustrated in Fig.
2-9 by the Y 2 C>3 -ZrC) 2 phase diagram (after [87]) w here the stabilization o f the cubic and
tetragonal phases is apparent.
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Fig. 2-9 The pseudo-binary Y O i. 5 -Zr 0 2 phase diagram after [87]. The labeling across the
bottom o f the diagram shows m etastable phase fields which occur on rapid cooling.

2.4.2.1. Cubic Zirconia
The cations o f oxides which stabilize the cubic form o f zirconia to room tem perature are
o f low er valence than Zr. To maintain charge balance, either cation interstitials or anion
vacancies must form. In zirconia alloys, anion vacancy form ation is the norm. An
understanding o f this may be gained from calculated defect energies, for exam ple, in the
CaO -Zr 0 2 system [8 8 ] which indicate a reaction energy o f only 0.88 eV for the form ation
of an oxygen vacancy com pared with 10.05 eV for a cation interstitial. The anion
vacancies are thought to be largely responsible for the stabilization o f the cubic phase.

2.4.2.1.1. Details of the Crystal Structure
The crystal structure o f cubic zirconia is basically the fluorite structure described earlier
(Section 2.4.1.1). There is substantial experim ental evidence that the stabilizing oxide

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2

LITERATURE REVIEW

23

cations are incorporated not as interstitials but by substituting for zirconium on the
fluorite cation sites. For exam ple, EXAFS studies on yttria-cubic stabilized zirconia
(YSZ) show the next nearest neighbour (the nearest cation) is at the same distance from a
Z r atom as it is from an added Y atom [89]. This question has been addressed in X-ray
single crystal [90] and neutron pow der diffraction studies [73,9 l]by checking for cation
interstitials, but none were found; nor has there been any suggestion o f such interstitials
from single crystal neutron diffraction [92,93].
Charge balance is achieved through the formation of anion vacancies. For a mol fraction
N o f a n-valent stabilizing cation, the predicted mol fraction o f oxygen vacancies is N(4n)/4. D iffraction data have been successfully analyzed on the basis o f an oxygen vacancy
concentration calculated from this form ula and the assum ed chem ical com position, but
perhaps only in the w ork o f H ow ard and co-workers [76, 94] was the stoichiom etry
actually derived from the diffraction data. Refined values for the occupancy o f the oxygen
site (within a model in which the cation substitutes for zirconium ) yielded a stoichiometry
in quite good agreem ent (for cubic Zro.8 7 5 Mgo.1 2 5 0 1 . 8 7 5 and Zro.7 sYo.2 2 0 1 . 8 9 and for
tetragonal Zro.9 3 5 Yo.0 6 5 O 1 .9 6 8 ) with that expected from the chem ical preparation.
Though it is well established that stabilizing cation is incorporated substitutionally and
anion vacancies are form ed to achieve charge balance, there is still the question as to
w hether the vacancy rem ains associated with the stabilizing cation. The lattice statistics
calculations o f Dwivedi and C orm ack [88] for the C a0 -Z r0 2 system suggest that there
will be no vacancy around the C a ion in the nearest neighour positions, but the vacancy
may remain associated with the C a at the position o f the next nearest anion. On the other
hand, m olecular dynam ics calculations for the Y 2 0 3 -Zr 0 2 system [95] suggest that the
oxygen vacancy may rem ain associated with the Y at the nearest neighbour position. The
experim ental evidence is also not definite on this point. Li et al. [89] interpreted their
EXAFS data on the YoC^-Zr system as showing that the Y rem ained eight-coordinated by
oxygen across a considerable range o f com positions and their XANES data as indicating
that the Zr was predom inantly seven-co-ordinated. M easurem ents o f diffuse X-ray and
neutron scattering from the CaO-ZrCL system (see further discussion below) have been
variously interpreted to indicate that there is [96] or is not [97] an oxygen vacancy
associated with the C a ion in the nearest neighbour position. Though the evidence is
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conflicting, it is tempting to suggest that the larger substituting cations, C a and Y, are
eight-co-ordinated by oxygen, as would be expected from Pauling’s rules [98]. The
vacancy may be bound to the cation at a next nearest neighbour location, the binding
being looser in the case o f Y than in that o f Ca because o f its different ionic charge. It is
not im probable, however, that for sm aller ions, such as M g, the oxygen vacancy is in a
nearest neighbor position.
The presence o f relatively large concentrations o f cation substitutions and vacant anion
sites gives rise to local relaxation o f ions away from the positions they w ould occupy in
the ideal fluorite structure. T he possibility o f local ordering o f cation substituents or the
oxygen vacancies should also be considered. Relaxation effects are m anifest in a variety
of experim ental data. The analysis o f Bragg intensity data assum ing an idea fluorite
inevitably yields large values for the “atom ic displacem ent param eters” , especially for the
oxygen ion [73,91-93]. The atom ic displacem ent param eter is a m easure of the smearing
of the atom around its ideal position, due to thermal vibrations and/or static disorder. The
values

obtained

for exam ple

in

10 mol%

Y 2 C>3 -Zr 0 2

[99]

correspond

to rms

displacem ents o f about 0.22 and 0.33 A for the zirconia and oxygen ions respectively.
T hat these are very large and remain large even to tem peratures as low as 15 K, can be
taken as strong evidence for static disorder. Sim ilarly, relative atom ic displacem ent
param eters (that is variations in cation-anion and anion-anion distances) in yttriastabilized cubic zirconia have been derived from EXAFS m easurem ents at various
tem peratures [89]. Consistent with the diffraction data, these remain large even at 10 K.
The diffraction from cubic zirconia alloys shows significant diffuse features, another
certain indication o f disorder in these materials. D etails o f the m ovem ents o f the ions
away from the ideal fluorite positions have been sought from Bragg intensity data, diffuse
scattering data, or preferably both. D ifferent authors have tried to account for Bragg
intensities by assum ing particular displacem ents o f the anions and/or cations away from
the position they would occupy in the ideal fluorite structure. The oxygen anions have
been variously assumed to m ove along <100> [90], < 1 1 1> [73,100] or even along both
<100> and < 1 1 1> [91]. C ation displacem ents along < 1 1 1> have also been considered
[91]. It is m ore reasonable to suppose that the introduction of cation substitutions and
anion vacancies causes local m ovem ents in all these directions, the diffraction average
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being suitably displayed as probability density functions [92,93]. It is also likely that the
detailed shape o f the probability density functions will depend on the detailed
com position o f the stabilized cubic alloy.
Inform ation on correlated atomic displacem ents com es m ainly from X-ray and neutron
diffuse scattering. Although the analysis is difficult, some consensus may be em erging
[97,101-103]. There has been no suggestion that cation substitutions are other than
random. In the currently favored model [97,103], however, the arrangem ent o f oxygen
vacancies is far from random: oxygen vacancies do not occur as nearest neighbor (cubic
edge) pairs, next nearest neighbour (face diagonal) pairs, or third-nearest neighbour (body
diagonal) pairs across em pty cubes o f oxygen, but they can occur as third-nearest
neighbour pairs across cubes containing cations. The occurrence o f vacancies in such
third-nearest neighbour pairs results in octahedral coordination o f the cation, as is found
in the pyrochlores. T he cations nearest a vacancy are assumed to m ove away from it
along the < 1

1 1

> directions, leading to correlated displacem ents along < 1 1 0 >, and the

nearest anions relax towards the vacancy along <100> directions. The X-ray scattering,
which is dom inated by the cations [103] is well described by this model. For sam ples with
com positions near the tetragonal phase boundary, the neutron scattering contains diffuse
features in the vicinity o f the fluorite forbidden ( 1 1 2 ) reflection, attributed to correlated
oxygen displacem ents along < 0

0 1

> directions akin to those characteristic o f the

tetragonal phase (see section 2.4.1.2).

2.4.2.I.2. Composition and Temperature Effects
Therm odynam ically, the state variables, tem perature, pressure and com position are all
able to influence the details o f the structure in sim ilar ways. The alloying o f zirconia with
other oxides to form solid solutions is no exception. The seminal w ork on the
com position dependence o f the zirconia structure as a function o f com position is that of
Scott [87] on the Y 2 C>3 -ZrC) 2 system, in which not only were details o f the phase diagram
m apped out with greater precision than previously, but also the dim ension o f the cubic
unit cell as a function o f com position was determ ined. A relationship is given in S cott’s
paper for the lattice param eter as a function o f com position for entire width o f the phase
diagram . H owever, o f greater interest here is the equation derived from the data in Figure
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1 o f Scott [87], which gives the cubic lattice param eter in the region o f technological
interest as follows:
a (A) = 5.1159 + 0 .1547x

(2-5)

where x is the mol fraction o f Y O 1.5 in the alloy within the limits 0.12<x<0.25. Although
the equation is only given between these limits, the lattice param eter varies quite linearly
with concentration across the entire phase diagram if, for the Y 2 O 3 structure, the
dim ension o f the fluorite subcell is used.* In fact it is not clear precisely where the
structure can be said to change from the zirconia structure to the yttria structure. Scott
reported X-ray diffraction superlattice peaks at concentrations greater than 60 mol%
Y O 1.5 but no evidence o f tw o-phase region at this point. Because o f the technological
im portance o f the yttria stabilized ceramics, a com posite diagram o f the lattice param eter
variation for the three phases m, t, and c with yttria content is shown in Fig. 2-10 [76].

5 .4

0«^ 5 .3

5.2

6

5.1

5.0

20

30

Fig. 2-10 Lattice param eters for the cubic, tetragonal and m onoclinic phases as function
o f mol% Y O 1 .5 . Note that m etastability allow s phase to exist beyond the ‘equilibrium ’
phase boundaries.

The yttria unit cell is a cubic supercell o f the fluorite structure with a ’=2a, where a’ is the yttria lattice
parameter, and a is the lattice parameter o f the fluorite subcell.
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Later w ork on the Y 2 0 3 -ZrC>2 system by Toraya [104] did not extend into the cubic phase
region, how ever the agreem ent with Scott in the tetragonal region (see 2.4.2.2.1) was
good. Tereblance [71] has given a relationship for the com bined effects o f thermal
expansion and Y 2 O 3 in solution which is in reasonably good agreem ent with Eq. 2-5 (see
com m ents below).
Scott also investigated the structure-concentration relationships in the M g 0 -Zr 0

2

system

[76] and found the phase equilibria to be far more com plex, precluding the extraction o f
precise cell param eter-concentration data. An approxim ate relationship was given as:
(2-6 )

a (A) = 5.122-0.3140x

w here x is the mol fraction o f M gO . However, Scott has warned [76] that the data used
for Eq. 2-6 are not o f com parable accuracy to those used for Eq. 2-5.
The tem perature response o f the pure cubic phase was discussed in Section 2.4.1.1 by
extrapolation from w ork on the therm al expansion o f stabilized cubic zirconia.
Tereblanche [71] has shown that the therm al expansion is not seriously altered by the
presence o f 10-24 mol% Y 2 O 3 (18-39 mol% Y O 1.5 ). The thermal expansion curves at
different com positions could all be condensed into a single relationship:

a (A) = 5.1208 + 0 .2 3 ly + 4.6468 x 10‘5(T-273) + 7.6613 x 10'9(T-273)2

(2-7)

w here y in this case is the mol fraction Y 2 O 3 and T is the tem perature in K. In a rigorous
treatm ent, one should use the mol fraction o f Y O 1 .5 , rather than Y 2 O 3 because the form er
is linear with respect to ZrC>2 as a basis, and the latter is not. Close exam ination o f the
data in Figure 1 o f [71] reveals som e dow nw ard curvature at the high concentration end.
Re-fitting o f this data using mol fraction Y O 1.5 as the x-axis gives:
a (A) = 5.1169 + 0.1526x

(2-8)

w here x is now the mole o f Y O 1 .5 . This is in excellent agreem ent with Scott (Eq. 2-5) and
the com posite equation may be rew ritten as:
a (A) = 5.1169 + 0.1526x + 4.6468 x

1 0 ‘5

(T-273) + 7.6613 x

1 0 ’9

(T-273)2
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2.4.2.2. The Tetragonal Phase
There are numerous alloying additions which stabilize the tetragonal phase o f zirconia.
M etastable tetragonal zirconia polycrystals (Y-TZP) obtained by adding 2-8 mol% Y 2 O 3
form a class o f materials that are in w idespread use. M etastable tetragonal m aterials based
on additions o f 12-20 mol% ceria (Ce-TZP), are also finding increasing application. In
the case o f alloying with Y 2 O 3 , the yttrium substitutes for zirconium (confirm ed for
exam ple by EXAFS [89]), and it must be assum ed that charge balance is achieved by
form ation o f oxygen vacancies. In the case o f alloying with C e 0 2 , oxygen vacancies are
not expected, nor is there any evidence o f vacancies in neutron diffraction studies [76]. It
has been found that tetragonal zirconia can also be stabilized by trivalent dopants such as
Gd3+, Fe3+, G a3+ [105] (as well as Y 3+), tetravalent dopants including Ti4+ and G e4+ (as
well as Ce4+) [106], and “charge com pensating dopants” such as YNbCL and YTaC>4
[107].
W hereas oxygen vacancies are clearly im portant for the stabilization o f cubic zirconia, it
is not so clear that they play a significant role in retaining the tetragonal phase. For
exam ple, there is no indication on the Z r-0 phase diagram (Fig.2-6) that oxygen
deficiency stabilizes the tetragonal phase to low er tem peratures, in stark contrast to that
seen for the cubic phase. It has been argued in previous sections that the zirconium atoms
have a propensity for a co-ordination low er than eight, hence vacant oxygen sites increase
the stability range. In tetragonal zirconia, how ever, bond valance sum calculations
suggest that the rearrangem ent o f the oxygen into two interpenetrating tetrahedra (Section
2.4.1.2) is itself sufficient to low er the effective co-ordination o f the zirconium atom as
required for stability.
Despite this, some authors m aintain that the prim ary stabilizing m echanism in tetragonal
zirconia is the formation o f oxygen vacancies [75]. Indeed it has been shown that under
som e circum stances, previously tetragonal yttria stabilized m aterials may be “de
stabilized” by the addition o f N b5+ or Ta5+ ions. The N b5+ or Ta5+ ions were claim ed to
balance the effect o f the Y 3+ ions. The resulting structure was m onoclinic which was
attributed to the absence o f vacancies. In this way, the stability o f the /-phase was
expressed as lying in the range 1.7-3.3 mol% vacancies. W hile consistent with
observations in the Y 2 0 3 -Zr 0 2 case, it w ould appear the argum ent lacks generality. For
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exam ple the addition o f Ti 0 2 to the Y 2 0 3 -ZrC>2 system causes an expansion o f the /-phase
field [108] which was argued on the grounds o f greater charge concentration at Ti4+ than
at Zr4+ rather than an oxygen vacancy effect. Sim ilar argum ents were made in the C e 0 2Z r 0 2 system.
Im pinging on all o f these considerations o f stability, is a degree o f uncertainty due to the
tendency for zirconia phases to form under m etastable conditions, far from the
equilibrium state. Sample preparation techniques usually exploit this to enable a much
w ider range o f alloys to be m anufactured. In general this is due to insufficient tim e being
allow ed for diffusion controlled processes to occur. However, in some system s (for
exam ple in Y 0 i.5 -Zr 0 2) cooling rates influence the phase com position far outside the
mere suppression o f diffusion. For exam ple, Scott [87] reported the form ation o f 100%
tetragonal phase on rapid cooling from the c region in sam ples with -5 -1 2 mol Y O 1.5 .
This effect has been widely studied [109-111] and the t-phase so form ed has becom e
know n as / ’. The / ’ phase is crystallographically the sam e as / but with typically a higher
yttria content and therefore a low er c/a ratio. M icrostructurally, it has a much larger grain
size and many fine twin dom ains w ithin each grain. This is obviously a shear driven
process, analogous to the m assive transform ation o f high purity y iron into a iron at high
cooling rates.
A second tetragonal form, know n as / ”, is alleged to form at the upper end o f the / ’
com position range [112,113] and is claim ed to be tetragonal, in the sam e space group as t
and / ’ but with cubic lattice param eters. N eutron diffraction experim ents aim ed at proving
this [114] do show a small residual intensity in the (211) reflection which is forbidden in
the cubic phase. However, given that the difference betw een c and a may be less than or
o f order 0.1% (applying Eq. 2-3 from Section 2.4.1.2), the instrum ental resolution was
insufficient to prove that the lattice was cubic, there w ere unaccounted for shoulders on
som e diffraction peaks, and the (2 1 1 ) reflection is in a position that contains considerable
diffuse intensity from short range order.

2.4.2.2.1 Composition Effects
Scott [87] and Kisi et al [76] provided the lattice param eter variation for the t-phase in the
Y 2 0 3 -Zr 0

2

system (Fig. 2-10). In the range 4-13 mol% Y O 1.5 , it can be expressed as:
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a (A) = 5.0801 + 0.3582x

(2- 10)

c (A) = 5.1944 - 0.3045x

w here x is the mol fraction o f Y O 1 .5 . It should be noted again that the face-centered cell is
used here for easy com parison with the cubic and m onoclinic structures. M ore recent
work by Toraya [104] has produced similar, but som ew hat different relationships:

a (A) = 5.0859 + 0 .3 2 lx
c (A) = 5.1892 -0 .2 5 6 x

(2- 11)

in the range 0-11% . Careful study o f T oraya’s results show that the inclusion o f a
chem ical vapor deposited (CVD) sample (A) with 0% Y O 1 .5 but consisting o f a m + t
m ixture is the cause o f the discrepancy. It is likely this sam ple is affected by residual
stresses. R e-fitting o f the data with sam ple A om itted leads to excellent agreem ent with
S cott’s results and these are to be preferred in the Y -TZP region (4-13 mol% Y O 1 .5 ).
Scott also measured the variation in tetragonal lattice param eters in the M gO -Zr 0

2

system

in the range 0-6 mol% M gO [76] resulting in the relationships:
a (A) = 5.0818
c (A) = 5.1872 - 0.8246x

(2- 12)

where x is the mol fraction o f M gO. As with cubic M gO -Z r 0 2 , Kisi et al. [76] have
cautioned that the results are not as reliable as those for Y 2 0 3 -Zr 0

2

.

The final system of com m ercial interest which has been w idely studied is CeC>2 -Zr 0 2 .
Here it is possible to produce a very wide range o f m etastable alloys by quenching from a
high tem perature [115]. Taking these data, it is possible to represent the com position
dependence o f the lattice param eters by Eqs. 2-13 below, w here x is now the mol fraction
o f C e0 2 .
a (A) = 5.0821 + 0.3777x - 0.0177x2
c (A) = 5.1855 + 0.3034x - 0 .1 148x2
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It is interesting to note that whereas the param eters for yttria and m agnesia systems
(which introduce charge com pensating vacancies) vary linearly with com position, those
for the ceria system (which has no formal vacancies, but may contain a small fraction due
to the form ation o f C e3+ during high tem perature sintering) are clearly quadratic. The
reasons for this behavior are as yet unclear.
An interesting use for lattice param eter-com position data is in the ‘chemical analysis’ o f
phases by X-ray or neutron diffraction in order to study partitioning o f stabilizing species
in tw o phase mixtures. W hile individual lattice param eters m ay be in error for various
reasons

[116], the axial ratio c/a should be relatively insensitive to system atic

m easurem ent errors. It is easy to show that in tetragonal Y-TZP:

% Y 0 1S=

c / a ~

(2-14)

L 0 2 2 5

-0 .0 0 1 3 1 1
and in tetragonal MgO-ZrCL,
„
c / a -1 .0 2 0 7
% M gO = ------------------0 .0 0 1 6 1 9

(2-15)

U se o f this technique is based on two im portant assumptions:
i) The phase transform ations obey the phase rule ie, the chem ical com position o f phases
do not change in two phase regions.
ii) R esidual stress effects are small.
One w ould generally expect both conditions to be met in ‘bu lk ’ t-2xO i system s such as
Y -TZP and Ce-TZP. H owever, care must be exercised. For exam ple, Toraya [104] reports
the continuous change o f the lattice param eters o f both phases in two-phase (t + m) Y 2 O 3 Z r 0 2 ceram ics, in contravention o f the phase rule. This is reflected in the data in Fig. 2-10
where the m and t regions overlap.
Since the tetragonal structure differs from the cubic structure by only a 1.5% distortion
and displacem ent of the oxygen z-param eter from Va to (Va-

8

), it m ight be expected that

8

w ould also be a function o f the com position. Low resolution pow der neutron diffraction
by Y ashim a et al. [114] confirm s that on quenched or t ’ sam ples, ^becom es close to zero
and the c/a ratio becom es closer to 1 as the cubic phase boundary is approached. The data
o f Y ashim a et al. have been invaluable in establishing the relationship between S a n d c/a
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(Eq. 2-3). A sum m ary o f all known data [77,80,87, 117] for £ in yttria stabilized zirconia
is shown in Fig. 2-11. It is well modeled by an expression o f the form:
# = k ( f c -f)

(2-16)

where k is a c o n s ta n t,/is the mol fraction o f Y O 1.5 and f c is the critical mol fraction at the
c/t phase boundary.

The

tetragonal

zirconia can

be viewed

here as both

an

antiferroelectric and a ferroelastic phase.

0.04
0.03
to

0.02
0.01
0.00,
Mol% Y q

Fig. 2-11 The param eter S, which measures the displacem ent o f the oxygen atom s from
the ideal (cubic) fluorite position shown for yttria stabilized tetragonal zirconia alloys.
The solid line is a fit by an equation o f the form 3 = k (fc -f) which describes typical
second order behavior. In this equation, k is a constant (here k = 0 .000134),/ i s the mol
fraction o f stabilizer a n d /c (0.174 in this case) is the critical mol fraction o f stabilizer at
which the transform ation to the cubic phase occurs.
Recent studies provide som e further insight into the variation o f the oxygen position and
the lattice param eter with com position [76]. These studies relate specifically to
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substitution o f the different tetravalent ions Ge, Ti, Sn, and Ce into tetragonal ZrCV
2mol% Y 2 O 3 material. The mean length o f the bond between the cation and its nearest
oxygen neighbours was found to depend linearly on the am ount o f substituted tetravalent
ion, and increased or decreased according to w hether the substituent ion was larger or
sm aller than the zirconium ion it replaced. This is an entirely reasonable result on the
basis that the shortest cation-oxygen distance represents close-contact between the cation
(Zr, Y or su b stitu e n t) and oxygen. The length o f the longer bonds was in every case seen
to be determ ined by charge balance effects, as expressed by the requirem ent that the bond
valence sum remain constant. It is not possible to derive accurate values for the two
lattice param eters and the oxygen position from ju st the two bond lengths. However,
using an approxim ate expression for the oxygen position, good estim ates for the lattice
param eters can be obtained. The analysis gives a very good account o f the lattice
param eters in these system s and their variation with com position.

2.4.2.3. The Monoclinic Phase
By design, the m onoclinic phase is rare in as-fabricated zirconia alloys because its
properties are considered inferior to the other phases. It has been observed in several
microstructural forms including grain boundary and intergranular precipitates [118] but
there have been no reports o f m ajor structural variation due to alloying. The EXAFS
studies [107] show Y and Nb substitute for Zr and have little effect on the local structure.
The change in lattice param eters with YO 1.5 addition has been determ ined by Toraya
[104] and has been included in Fig. 2-10. In agreem ent with the tem perature and pressure
response o f the pure m onoclinic phase, the b-axis appears not to vary greatly with
dissolved YO 1 .5 . It was noted in studies o f M g-PSZs aged at 1100°C that the m-phase
present had lattice param eters a=5.144, b=5.133, c=5.347A and /?=98.88° [74]. Alloying
with M gO appears to cause the a and b axial lengths to becom e more nearly equal and to
slightly reduce p , which is in agreem ent with the yttria data.
The monoclinic phase is far m ore abundant in zirconia alloys which have been
mechanically loaded (Ce-TZP, M g-PSZ) [119], cooled to low tem peratures (Ce-TZP)
[76] or over-aged during heat treatm ent [120,121]. Table 2-6 contains a sum m ary o f
available data for these systems.
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Table 2-6 Structural Param eters for A lloyed M onoclinic Zirconia [76]
Ce-TZP (1.6G Pa in

M g-PSZ aged

C e-TZP (cooled

Pure Zirconia

com pression)

at 1400°C

to 15K)

(295K)

a (A)

5.2013

5.1419

5.2112

5.1507

b (A)

5.2140

5.1406

5.2196

5.2028

c (A )

5.3804

5.3483

5.3821

5.3156

(3

98.84

98.87

98.955

99.19

x

0.2776

0.2837

0.2739

0.2754

y

0.0411

0.0394

0.0373

0.0395

z

0.2114

0 .2 1 2 1

0.2106

0.2083

x

0.0404

0.0806

0.0630

0.0700

y

0.3153

0.3189

0.3178

0.3317

z

0.3569

0.3548

0.3607

0.3477

x

0.4477

0.4452

0.4545

0.4416

y

0.7573

0.7609

0.7537

0.7569

z

0.4647

0.4768

0.4755

0.4792

Zr

0 1

0 2

2.4.2.4. Relationship between zirconia phases
Inform ation on the type o f phase transform ation may often be gleaned from the behavior
o f lattice param eters and m olar volum es at phase boundaries. In Fig. 2-8, the lattice
param eters o f the pure zirconia phase as a function o f tem perature was presented
(rem em bering that the values for the cubic phase were extrapolated from alloy samples at
a low er temperature). R eplotting these data in the form o f the unit cell volum e leads to the
curves shown in Fig. 2-12. There it may be seen that there is most likely very little or no
volum e change in the c —> t transform ation in pure z irc o n ia , but merely a small change in
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the slope o f the thermal expansion curve. This is evidence that the transition may be
largely second order, how ever this question is still being debated in the literature. By
com parison, the tetragonal —» monoclinic transform ation is clearly first order and
discontinuous. Likewise, the m —> o ’ and t -> o transform ation involve a spontaneous
volum e change [74, 84] and hysteresis and are therefore thought to be first order
transform ations.

150
148
CO

0<

146
144

5

140
138

500

1000

1500

Temperature,

2000

2500

3000

K

Fig. 2-12. D ata from Fig. 2-8 replotted as the unit cell volum e vs. temperature. N ote the
clearly discontinuous transform ation m —>t, and the possibly second order t —>c
transformation.

A second w ay o f gaining an overview o f the transform ations is to exam ine the space
group relationships between a sequence o f phases. These relationships are sum m arized
for the zirconia phases in Fig. 2-13. A clear group-subgroup path exists for the c —>t
transform ation. In Fig. 2-13, a break in the path beyond the tetragonal phase has been
drawn to indicate that no subgroup relationship exists linking the tetragonal phase to
space group Pbcm (No. 57) w hich provides us with a com m on parent phase for the m, o,
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and o ’ structures. There is a direct space group link between the t and m structure,
how ever none exists between the t and o or o ’ structures.

Fm 3m
(c phase)

1
{I4/mmm}

1
P42/nmc

.iLPhaseL.
{Pbcm}

~

1

i

Pbc21

Pnam

(o phase)

r
P21/c

(o ’ phase)

(m phase)

Fig. 2-13. R elationship betw een the space groups o f the phases o f pure zirconia.
Interm ediate space groups w hich have not been observed are shown in {}. A clear groupsubgroup chain between the t phase and Pbcm is not possible (note the break in the
diagram). However, the latter space group is included as it m ight be regarded as the
parent for the o, o ’ and m space groups.

2.5.

THERMODYNAMICS

OF

THE

CONSTRAINED

PHASE

TRANSFORMATIONS OF ZIRCONIA
Classical theory [122] has show n that retention o f the tetragonal structure depends on the
magnitude o f the strain energy arising from the elastic constraints im posed by
surrounding

material

transformation.

on

the

shape

and

volum e

changes

associated

with

the

C onstraint can arise from several sources. First, if the polycrystalline

body is single-phase, neighboring grains, each with a different crystallographic
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orientation, will constrain the anisotropic strain o f one another. Second, the transform ing
phase can similarly be constrained by a second-phase matrix, as in the case o f a twophase material. The strain energy arising from these constraints can be reduced by m icro
cracking and /or plastic deform ation (e. g., twinning). In particular, both m icro-cracking
and twinning can accom m odate some o f the volum e- and shape-change associated with
the transformation and can reduce the constraint im posed by the surrounding material.
Thus, as will be shown, retention o f the tetragonal phase not only depends on the elastic
properties o f constraining m aterial, but also on the possible occurrence o f m icro-cracking
and/or twinning during transform ation.

2.5.1. CHEMICAL FREE ENERGY AGAINST STRAIN ENERGY
To exam ine the therm odynam ics o f the constrained ZrC>2 (t) —> ZrCL (m) reaction, let us
first consider a stress-free, spherical inclusion o f the tetragonal phase em bedded within a
matrix material, as shown in Fig. 2 -14(a). On transform ing to its m onoclinic phase, a state
o f stress arises within both the transform ed inclusion and the surrounding matrix because
o f the constrained volum e and shape changes. The differential free energy, AGt->m ,
between these two states per unit volum e o f transform ed material can be expressed as:
AGt_>m = G ; - G , c + U Z - U 'se + U ? - U 's

(2-17)

or

(2-18)

AGt_>m = -A G C+ AUse + AUS

w here AGCis the chem ical free energy (dependent on tem perature and com position), AUse
is the strain energy associated with the transform ed particle (for the case considered here
U ‘se = 0 and AUse = U"J) and AUs is the change in energy associated with the surface of
particle.
The condition for transform ation requires that AGt_»m < 0, or rew riting equation (2-18):
IAGC| > AUse + AUS

(2-19)

Since U ”'e is always positive, the constrained transform ation tem perature will be different
from that for the unconstrained case ( | AGC| > AUs). For zirconia, constraint lowers the
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transform ation temperature. The magnitude o f the strain energy will depend on the elastic
properties o f the transformed inclusion and the surrounding matrix, the inclusion shape
and the transformation strain. Eshelby [123] has shown that:

A U « := £ /;-t/; = £ / ; = i f f J 4

(2-20)

here, a 1 defines the uniform stress state within the transform ed inclusion, and e 1 is the
“stress-free” transform ation strain. The effect o f the elastic properties o f the constraining
matrix can be exam ined by assum ing that the transform ation only involves an isotropic
volum e expansion, then, £^=-^A V /V . W ith this assumption is can be shown that, for the
case o f a sphere:

AU « = ( / , > 7 < 4 f > 2
u V

(2-21>

w here

k

___________^ E i E i

C'2-72'1

0 + v ,> £ 2+ 2<i - 2 v !>£',
and Ei and E 2 and Vi and V2 are the Y oung’s moduli and P oisson’s ratio o f the matrix (1)
and transform ing particle (2), respectively. Therefore, the greater the elastic m odulus of
the constraining matrix, the greater the strain energy and, thus, the low er the potential
transform ation temperature. For ZrCh, the constrained transform ation tem perature will be
inversely proportional to the rigidity o f the constraining matrix.
A lloying additions that low er the unconstrained transform ation tem perature (i.e.,
additions such as CaO, M gO, Y 2 O 3 and C e 0 2 , etc. that decrease | AGC| ) will also lower
the constrained transform ation temperature.
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(a)

m

(b)

m
■>>

Fig. 2-14 (a) C onstrained transform ation w here the initial state t is stress-free and (b)
initial state under residual stress c r.
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(a)

>•

m

D

(b)

(c)

Fig. 2-15. (a) Transform ation + m icro-cracking, (b) transform ation + tw inning and (c)
transform ation + m icro-cracking + twinning.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2

41

LITERATURE REVIEW

2.5.2. EFFECT OF RESIDUAL STRESSES
In Section 2.5.1, it was assum ed that the initial tetragonal state was free o f residual
stresses. This is not the normal situation since residual stresses will arise during
fabrication (e.g., during cooling from the fabrication tem perature as a result o f thermal
expansion mismatch with the m atrix phase). These residual stresses will either increase or
decrease the strain energy term in Eq. 2-18 and will thus influence the potential
transform ation temperature.
Fig. 2 - 14(b) illustrates the spherical tetragonal inclusion in a state o f residual stress and in
its transformed, monoclinic state. The residual stress state is defined by cf

which,

according to Eshelby, arises from a “stress-free” strain er, for exam ple, the strain an
unconstrained inclusion would exhibit due to therm al contraction. T he strain energy
associated with the tetragonal and m onoclinic state is:

(2-23)

(2-24)

w here cr' and e ' are those stresses and strains defined earlier for the transform ation from
an unstressed tetragonal particle. The ± sign in front o f the residual stress/strain term s in
Eq. (2-24) arises because the individual com ponents o f these tensors can have either the
sam e sense (+) or the opposite sense (—) relative to the com ponents associated with the
transformation.
The free-energy change associated with the transform ation shown in Fig.2-14 (b) is:
A G ^ m = -A G C+ U Z ~ U 'se+ AUS

(2-25)

Substituting Eq.2-23 and 2-24 into Eq. 2-25 gives:
AGt_>m = -A G C+ U°„ ±<j ‘j4 ± C-j 4 + AUS
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w here U°se is the strain energy defined by Eq 2-20 for the case w here the tetragonal
particle is initial stress-free. Eq. 2-26 illustrates that the residual stress and strain fields
either increase or decrease the strain energy depending on their sense. That is, if the
transform ational fields are com pressive and the initial residual fields are tensile, the strain
energy is diminished. If, on the other hand, the residual field has the sam e sense as the
transform ational field, the strain energy is increased. This latter case will decrease the
transform ation temperature.

2.5.3. EFFECT OF INCLUSION SIZE
M any experim ents [3, 124-127] have shown that the retention o f tetragonal Zr 0 2 is sizedependent. That is, a critical inclusion/grain size exists, below which retention can be
achieved and above which it cannot. This size effect cannot be explained by the approach
discussed above. W hat is then required is a term in the free-energy expression (Eq. 2-18)
which takes account o f the size o f the transform ing volume.

2.5.3.I. Influence of AUs
The change in the surface energy per unit volum e V, o f a transform ed spherical inclusion
can be expressed as:

V

(2-27)
D

w here A m and A t are the interfacial surface areas, ym and yt are the specific interfacial
surface energies in the transform ed and untransform ed states, V (V= 7t;D / 6 ) is the
transform ed volume. D is the diam eter o f the transform ed inclusion and gs = A t/A m.
Substituting Eq. 2-19 into 2-27 and rearranging, it can be seen that the surface-energy
term introduces a size effect, i.e., a critical particle size, Dc, above which the energy o f
the transform ation are satisfied (such as AGt_»m< 0) and the transform ation can proceed:

D '" r ' -

6W „ - g , W
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For the case o f unconstrained powders, AUse = 0, the critical particle size, D uc,

D
6 <r . - g . r ,>
Uuc —

(2-29)

a G c

Substituting Eq. 2-29 into Eq. 2-27 and rearranging, the critical size for the constrained
pow ders can be related to the critical size for the unconstrained state by

a

(2-30)

Exam ination o f Eq. 2-30 shows that a critical size does exist when |AGC| > AUse and that
Dc ^ D uc.

2.5.3.2. Loss of constraint through micro-cracking and twinning
As m entioned above, both m icro-cracking and tw inning can accom pany the ZrC>2 (t) —>
ZrC>2 (m) transformation. M icro-cracking and tw inning both relieve som e o f the
constraint associated with the volum e and shape changes, respectively. In both cases, the
relief o f constraint decreases the strain energy associated with the transform ation.
In the case o f m icro-cracking, assum e that, during transform ation, a sm all flaw at the
inclusion-m atrix interface extends and becom es an arrested m icro-crack, as show n in Fig.
2-15(a) (the growth requirem ents for such a crack are considered in [128-131]). A radial
crack w ould be a likely type o f crack due to the volum e expansion associated w ith the
transform ed ZrCL inclusions. The presence o f the crack will change the energetics o f the
transform ed particle in tw o respects. First, the crack will relieve a fraction ( l- /c) o f the
strain energy, AUse, associated with the uncracked, transform ed system . Second, the crack
introduces new surface.
The change in free energy o f this m icrocracked system can be w ritten as:

rt-->m
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A cY
where the — L
^ - L term in Eq. 2-31 is the energy per unit volum e o f transform ed material
associated with the crack surface, Ac is the area o f the crack surfaces, yc is the fracture
energy per unit area and V is the volum e o f the particle. By defining the area o f the
arrected crack with respect to the surface o f the inclusion (Ac = 7tD 2 gc) and using V =
( 1 / 6 ) 7cD3, Eq. 2-31 can be rew ritten as:

6Y

6(7 - g y )

AGt_>m = -A G + A U J C+ - ^ g c +

(2-32)

B o th /c and gc are num erical values that depend on the size o f the arrested crack. Again,
the transform ation will only proceed when AGt_>m < 0 which, from rearranging Eq. 2-32,
defines a critical size for transform ation and micro-cracking:

D > £ )l =

(2-33)

Exam ination o f Eq. 2-33 show s that the size effect for transform ation and m icro-cracking
exists when | AGC| > AUS(/ C.
In a m anner sim ilar to that discussed for m icro-cracking (as shown in Fig. 2 - 15(b)), the
energetics o f the constrained transform ation in which the transform ed particle forms
twins can be written as:

AGt_)m = -A G C+ A U J T +

6y q
/ td 6 t + A U s

(2-34)

6y g
where the — T—- term is the energy o f the twin surface per unit volume o f transformed
material and the total area o f the twin boundaries, A t, is normalized by the surface o f the
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= -----^ ), the factor j f
n £)
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are dim ensionless values, f

is the twin boundary-energy per unit area.

Sim ilar in all respects to the m icro-cracking phenom ena, a critical particle size exists,
above which transform ation and tw inning is possible:

D ^ Z )I =

^Y rS r+r , - 8 J )

(2-35)

AG’ ~AU „ f T

Again, this size effect only exists for the condition when | AGC| > AUS(/ T •
W hen both m icro-cracking and tw inning are considered together as shown in Fig. 2 - 15(c),
the critical inclusion size can be expressed as:

D > n CT =

+ Y m- 8 . n

(2-36)

\AG’\~AU „ f cf T

Similarly, the condition w here this size effect will be observed is | AGC| > AUS(/ c/ t •
Eq. 2-36 represents the three general approaches to stabilize the high tem perature
m odification in zirconia. First, by alloying with an additive such as Y 2 O 3 , one can
decrease the change in chem ical free energy | AGC| . Second, the design o f the material
has to be as such that the elastic m odulus o f the constraining matrix is as high as possible.
Hence, the strain required for transform ation is increased. Third, since the surface energy
term introduces the size effects, the extent o f transform ation can be regulated by
producing a m icrostructure with grain sizes below D c.
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2.6. THERMODYNAMIC AND KINETIC RELATIONSHIPS FOR
PHASE STABILITY OF ZIRCONIA
The most stable polym orphic phase is the one that has the low est free energy under given
conditions (composition, temperature, and pressure). The phase stability can be
represented by the therm odynam ic relations shown in Fig. 2-16 (a). W hen every phase
(cubic, tetragonal, and monoclinic) has the free energy as shown, the stability o f each
phase is given by AG, the difference in the free energies. Since the free-energy curves
vary as functions o f com position, tem perature and pressure, they may reverse between
two phases at a certain point. For exam ple, tetragonal and m onoclinic phases have the
same free energies at the equilibrium tem perature, so that the stable phase changes from
one to the other at that tem perature, i.e., the phase-transform ation tem perature under the
given com position and pressure conditions. This type o f phase stability can be com pletely
represented by the phase diagram o f the system [132,133].
In contrast, there is another case where a therm odynam ically unstable phase can rem ain
unchanged because o f kinetic reasons shown in Fig. 2-16 (b). In this case, the activation
energy (AG*) o f the phase change plays a m ore im portant role than the energy difference
(AG) itself between the two phases. That is, the unstable (tetragonal or even cubic) phase
can be retained m etastably if sufficient activation energy has not been provided at low
tem peratures, such as k T « AG*. These phases are regarded as metastable, frozen, or
kinetically stabilized phases.
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Fig. 2-16. Stabilization o f zirconia phases by (a) therm odynam ics (com position,
tem perature and pressure) and (b) kinetics

These tw o types o f stabilization (therm odynam ic and kinetic) often occur interchangeably
in zirconia or in zirconia related systems and are difficult to distinguish from each other,
both in theory and in experim ent. This is one reason why zirconia system s are yet poorly
understood, although num erous studies have been perform ed by researchers on the
form ation, transform ation, and phase relation o f the phases.

2.6.1. STABLE AND METASTABLE PHASE DIAGRAMS FOR THE SYSTEM

Zr02-Ce02
T he phase equilibrium diagram o f the system Zr 0 2 -CeC >2 (Fig. 2-17) [134] was
established using hydrotherm al techniques. The phase boundaries at 1200°C to 1600°C
are identical with those established previously in air, but they are com pletely different at
low tem peratures, <1200°C, from those in previous studies [135]. Previously reported
phase boundaries are tem perature independent and rather close to the m etastable
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boundaries also indicated in Fig. 2-17. At low tem peratures, phase equilibria canot be
attained by soilid-state reactions and/or annealing which were em ployed in most previous
work. On annealing below 1200°C, a high-tem perature equilibrium is frozen as a
m etastable state due to slow cation diffusion [136, 137].
For exam ple, the time needed for the diffusion o f 1 pm distance can be calculated to be
= 3 x l0 3h (4 months) for Zr4+ ions, according to the equation d = - J o t , w here d, D and t
are distance, diffusion coefficient, and time, respectively. In addition, the driving force
for com positional changes to cause such diffusions does not appear to be unique but
changes gradually in these solid-solution systems.
H ydrotherm al techniques have been used to accelerate the reactions in order to attain the
equilibrium state. W hen a hydrotherm al fluid (high-tem perature-high-pressure solution or
vapor) coexists with the solid oxides in a closed system, the fluid can accelerate the
surface reactions o f solid m aterials by m ineralizer actions as a solvent and/or a surface
absorbent. These fluids, either as solutions or H 2 O, however, m ust not change the
equilibria in the solid system , but only accelerate the kinetics. That is, these fluids must
have negligible solubilities for the coexisting solid phases and also m ust not dissolve in
the solid phases, as shown in Fig. 2-18 (A).
It has been shown that the system ZrOa-CeCL-LiCl solution fulfilled this requirem ent
[134], If the solution dissolved or reacted w ith the solid phases, the projection o f the
equilibria in the ternary system would not indicate the equilibria in the binary system , as
shown in Fig. 2-18 (B).
The eutectic reaction tetragonal <-» m onoclinic+cubic was first observed at 1050±50°C by
using the hydrotherm al technique. In annealing in air (with no solutions), the tetragonal
phase can be extended to low er tem peratures as a m etastable phase.
D uring cooling, this m etastable tetragonal phase (t) transform s diffusionlessly to a
m etastable m onoclinic phase ( m \ which is to distinguish it from the stable m onoclinic
phase (m)) at the m artensite tem perature which is below the equilibrium tem perature (To1"
m) between the t and m ’ phases. On heating, the m ’ phase transform s to t phase at the
“austenite” (in zirconia) tem perature above To‘‘m similarly with no com positional
changes. The anom alous therm al expansions due to this phase transform ation have been
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experim entally observed even in the earliest study on the system Zr 0 2 -CeC>2 by Duwez
and Odel [140].
However, these anom alies w ere not recognized as a m etastable-m etastable reversible
phase transform ation as indicated in Fig. 2-17 in the early studies, but as equilibrium
phase boundaries as if a tw o-phase (m + t) region existed. In CeC^-rich regions, a wide
range o f solid solutions were sim ilarly extended to low er tem peratures; thus, the observed
phase boundary, being independent o f tem perature, should also be m etastable as indicated
in Fig. 2-17. Since m etastable phases m ight change during cooling, depending on when,
which and how freezing had occurred, the m etastable boundaries m ight show some
scattering. N evertheless, the m etastable boundaries are also im portant in zirconia systems,
because they are m ore often observed experim entally than the true equilibrium
boundaries, particularly at < 1200°C.
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Fig. 2-17. Phase diagram s for the system Zr 0 2 -C e 0 2 according to
ref.
134(---------- ),ref. 135, 138, 139(-------). (M etastable phase boundaries are shown by ////////
lines).
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Fig. 2-18. Schem atic illustration o f the cross section in the system A -B-H 20 to explain
the effects o f hydrotherm al fluids: (A) H20 accelerates only the kinetics in the system AB; (B) H 20 changes the phase relations at equilibrium .

2.6.2. PHASE DIAGRAM FOR THE SYSTEM Z r02-Y20 3
The phase diagram s for this system have been studied extensively, but they contain
extensive discrepancies as seen in Fig. 2-19 [141]. This system could not be studied by
hydrotherm al techniques because o f the form ation o f Y (O H ) 3 and Y OO H and dissolution
o f H20 into the solid solutions and vice versa as illustrated in Fig. 2-18 (B). N ote that the
phase relations are not identical in the ternary system to those in the binary system.
Therefore, this binary system was studied by solid-state reactions and annealing. S cott’s
data have been confirm ed as being at equilibrium at 1600°C [141], Fig. 2-19, because
identical phases were obtained both from annealing (cooling at a very slow er rate than
heating method) and from heating samples. Below 1450°C, how ever, both samples did
not give the same products even after heating for a m axim um o f 2 months. The
establishm ent o f equilibrium , therefore, cannot be expected using these techniques in this
system.
Nevertheless, many different diagram s, for exam ple, Fig. 2-20 [142, 143], have been
reported on the basis o f experim ental results obtained by using only long-duration

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

LITERATURE REVIEW

CHAPTER 2

51

heating. The diagrams should contain some frozen and/or m etastable phase boundaries at
low tem peratures, particularly below 1200°C. The results appear reasonable as mentioned
above because they represent frozen and m etastable diagrams.
In addition to these discrepancies, there exist com m on m isinterpretations in these
diagram s, that is, the eutectoid o f tetragonal

m onoclinic + cubic at about 600°C, and

the wide solid solubilities in the monoclinic and cubic phases close to room temperature.
They seem to be located at higher tem peratures, although they should be quite difficult to
observe experimentally.
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Fig. 2-19. Phase diagram s fo r the system Z r 0 2 -Y 2 C>3 sum m arized by Jayaratna et al.
[141].
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Fig. 2-20. Phase diagram for the system ZrC>2 -Y 2 0 3 after Stubican et al. [14 2 ,1 4 3]

There is no confirm ation o f the existence o f either the eutectoid or the tw o-phase region,
m onoclinic + tetragonal below 1000°C [136]. Only a reversible phase transform ation with
som e hystereses has been observed in the results for this system. As described in the
system Zr 0 2 -Ce 0 2 , this reversible phase transform ation should be that between
m etastable tetragonal and m etastable monoclinic phases which form ed as frozen phases in
the Z 1O 2 -Y 2 O 3 system. Therefore, these phase boundaries should be represented as
m etastable boundaries for the frozen phases, particularly below 1200°C as illustrated in
Fig. 2-21, where the solid lines were reported recently by Y oshikaw a et al [144]. They
suggested a continuous transition between cubic and tetragonal sym m etries at > 1900°C.
As shown in Fig. 2-21, the existence o f T 0 C' 1 has been observed; the equilibrium
tem perature between cubic and tetragonal phase, w here cubic phases transform to
tetragonal phases diffusionlessly, was seen during the studies [144-147] on the sam ples
prepared by rapid quenching o f the melts in this system. H ow ever, neither the exact
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location o f the T 0 line nor the exact phase boundaries at the equilibrium has yet been
determined.
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Fig. 2-21. Proposed phase diagram s for the system Zr 0 2 -Y 2 C>3 (ZrO -rich region) by
different researchers [144-147].
In any case, the phase relations in the system ZrC>2 -Y 2 0 3 are controlled by m etastable
phase transform ations at low er tem peratures. The increased strength or fracture toughness
in tetragonal zirconia polycrystal (TZP) and partially stabilized zirconia (PSZ) also
depends on the m etastable phase transform ation m entioned in Fig. 2-16 (b). Thus, the
kin etic p h a se stability is th e m o st im portant in these cases. A degradation in strength of
Y-TZP on aging at 37°C to 300°C in air and other environm ents, which is called “low-
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tem perature environm ental degradation” (LTED), is also related to the m etastable phase
transform ation from tetragonal to monoclinic sym m etry (see Section 2.7 for more
details).

2.6.3. PHASE DIAGRAM FOR THE SYSTEM Z r02-CaO
In an early study, Duwez et al. [19] reported that the cubic field in the system Z r 0 2-CaO
was between 16 and 30 mol% CaO at 2000°C and that the fluorite-type cubic phase,
usually called fully stabilized zirconia, was stable to room temperature. D ietzel and Tober
[148] first observed an eutectoid in the com position region Zr 0 2 -CaZr 0

3

. This eutectoid

indicated that the fluorite-type solid solution o f CaO in Z r 0 2 (CSZ) is therm odynam ically
unstable below =1220°C. Several authors [149-152] who have reinvestigated the phase
relationships in Z r0 2-CaO system s have obtained different results for the com position
and tem perature of the eutectoid in this system. Although there is agreem ent that the
fluorite-type solid solutions are unstable at low tem perature, there is no consensus on the
tem perature and com position o f eutectoid.
O rder-disorder transition in C SZ has been the subject o f several studies. Tien and
Subbarao [153] reported that a solid solution with 20m ol% CaO, annealed at 1000 °C,
developed a superstructure. Several w orkers [152,

154], using lattice param eter

m easurem ents, concluded that at 20m ol% CaO, the com pound CaZr 4 0 9 is form ed. The
m ost com prehensive investigation o f ordering in Z r 0 2-CaO solid solutions was that o f
C arter and Roth [155] who used neutron diffraction and X-ray single crystal techniques.
These authors indicated that there may be one or more ordered com pounds in the system
Z r 0 2-CaO and that the ordering in Z r 0 2-CaO solid solutions is associated with the grow th
o f ordered dom ains o f deform ed oxygen polyhedra.
M ichel [154] annealed single crystals o f Z r 0 2- 20mol% CaO for lOOOh and reported that
two ordered polym orphs appeared, one in the tem perature region 1050°C to 1350°C and
the other below 1050°C. Electron diffraction results o f A llpress et al. [156] indicate that
the CaZr 4 0 9 com pound has the same structure as CaH f 4 0 9 , which is m onoclinic. It is
interesting to note that the sam e authors found three ordered com pounds, possessing
distorted fluorite-type structures, in the system H f0 2-CaO. The com positions were
determ ined to be Ca2H f 7 0 i6 (<|) phase), C a ^ O g (<J)i phase), and Ca^H figC ^
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It seems already well established that the ZrCF (tetragonal) <=>ZrC>2 (cubic) transition
occurs at = 2370° C [142] for the system Zr 0 2 -C a 0 . The updated phase diagram o f the
system Z r 0 2 -C a 0 for the region Zr 0 2 -CaZr 0 3 is shown in Fig. 2-22 [142]. All data >
1325°C shown on the diagram are taken from the previous w ork by Stubican and Ray
[152] and w ere obtained on

quenched sam ples using precise lattice param eter

m easurem ents. The extent o f the cubic solid solution field at tem peratures <1400°C was
determ ined by heating very reactive gels for an extended period

(1

to

2

months) and

quenching. The phase diagram in Fig. 2-22 represents the true chem ical equilibria
diagram.
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Fig. 2-22. Equilibrium phase diagram for the system ZrC>2 -CaO [142].
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2.6.4. PHASE DIAGRAM FOR THE SYSTEM Z r02-MgO
The system Z r 0 2-MgO has been studied by various investigators. R uff and Ebert [16]
reported that the two oxides com bined to form a cubic phase above 1400°C. D uw ez et al.
[19] reported that the cubic solid solutions o f M gO in Z r 0 2 decom pose into their
constituent oxides below 1400°C. This decom position o f the cubic phase was confirm ed
by several authors [148,157,158]. In 1965, Viechnicki and Stubican [158] investigated the
mechanism o f decom position o f the cubic solid solutions in the system Z r 0 2-M gO and
the influence o f the am ount o f dopant on the te tra g o n a lo c u b ic transition. A ccording to
these authors, decom position o f the solid solutions com prised formation o f nuclei o f the
tetragonal phase preferentially on the grain surfaces and diffusion o f the M g2+ ions out of
the regions o f the growth o f the tetragonal phase. D ecom position reactions in the system
were investigated later in the great detail by Bansal and H euer [30], who used electron
diffraction and transm ission. Further work on phase relationships in the Z r 0 2-M gO
system was done by Grain [159], who concluded that the studies o f the Z r 0 2-M gO system
by previous workers were too dependent on data obtained by disappearing phase
methods. A ccording to his study, the solubility o f M gO in tetragonal Z r 0 2 at 1300°C is <
lm ol% and the eutectoid in this system is at 1400°Cand =13m ol% M gO. The phase
relations in a portion o f the system Z r 0 2 -M gO, as presented by Grain [159], are shown in
Fig. 2-23. It is evident that Grain has made investigations in a relative narrow
concentration and temperature range (1350 to 1600°C) and that further work is necessary
to clearly define this system using a much w ider tem perature and com position range.
It is interesting to note that no definite proof exists for appearance o f a stable com pound
in this system. Delam arre [160] has, however, claim ed that the com pound M g 2 ZrsO i 2
could be prepared in the tem perature range 1850 to 2100°C and that the Zr 0 2 -Y 2 C>3
com pound decom poses below 1850°C.
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Fig. 2-23. Phase diagram for the system Zr 0 2 -M gO [159].

2.7. LOW TEMPERATURE ENVIRONMENTAL DEGRADATION
BEHAVIOR OF ZIRCONIA CERAMICS
2.7.1 DEGRADATION PHENOMENA OF Y-TZP
Since the fabrication o f tetragonal zirconia ceram ics was first reported by Rieth et al.
[161], Y -TZP m aterials have always held great prom ise as high strength, moderate
toughness engineering ceram ics. However, it was reported [15] that Y-TZP alloys were
exceedingly susceptible to low tem perature environm ents. This paradox not only
stim ulated intensive investigation, but also started a new study area for Y-TZP. The
degradation phenom enon has been extensively studied by many investigators [162-176].
The dram atic effects o f the environm ent on the mechanical properties as a function of
aging tem perature are shown in Fig.2-24 [169, 170]. These changes correspond well to
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the increase in the am ount o f m onoclinic Zr 0

2

(as shown in Fig.2-25 [169]) and Tsukum a

et a l’s study [171]. W hen the m-ZrCL content increases beyond a certain level, m icro
cracking occurs with a subsequent decrease in the mechanical properties. This process is
shown schem atically in Fig.2-26 [172].
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Figure 2-24. Effect o f aging tem perature on flexural bend strength o f sintered (1500°C)
Y -TZP after 2000hrs.
H annink et al. [173] suggested that this phenom enon could be likened to stress corrosion
in metals. They thought that for a m etal, the increase in susceptibility to corrosion attack
results from the residual stress due to cold work. A ccordingly, Y-TZP stress corrosion
may be due to the m etastable nature o f the t-phase caused by the presence o f solute in the
lattice, which reacts in the presence o f som e external agent and causes bond rupture.
Bond rupture for metals results in brittle fracture and for Y-TZP induces the tetragonal —»
monoclinic phase transformation. In addition, it has been confirm ed that the degradation
phenom enon o f Y-TZP is dependent on the Y 2 O 3 content [168, 174, 175] and the aging
tem perature [169, 170]. The degradation o f Y-TZP exhibits a m axim um at about 200300°C (as shown in Fig.2-24). Sato et al. [176], by observing the cut surface o f Y-TZP,
suggested that the bending strength o f the annealed specim en depended on the
transform ation-layer thickness.
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Figure 2-25. C hange in the m onoclinic content o f sintered (1500°C) Y -TZP after aging at
low tem peratures for 2 0 0 0 hrs.
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Figure 2-26 Schem atic diagram o f low tem perature degradation at the surface o f a Y-TZP
ceram ic [172]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2

LITERATURE REVIEW

60

2.7.2 MG-DOPED PSZ AND (Mg,Y)-PSZ
The sensitivity o f M g-PSZ (partially stabilized zirconia) to the environm ental attack
phenom enon has not always received the same attention as the Y -PSZ or Y-TZP
materials. This lack o f attention has been due, in part, to the effect being less noticeable in
M g-PSZ. Also, the fracture strength o f M g-PSZ is not as high as that o f Y -PSZ which
also makes it less attractive. H ow ever, since M g-PSZ has better fracture toughness and
therm al stability than either Y -PSZ or Y-TZP, the advantage o f M g-PSZ is beginning to
be recognized once again. A ccordingly, several studies [177-179] have reported on the
effect o f aqueous environm ents on M g-PSZ. Swain [177] reported that for two types of
aged M g-PSZ materials, when they were exposed to a high tem perature steam
environm ent (400°C and

6

atm fo r 4hrs), the am ount o f m -phase on the surface increased,

but the strength was only m arginally reduced. This shows that t-ZrC >2 in M g-PSZ is more
stable in a moist environm ent than for som e o f the stronger Y -PSZ m aterials. Swain
suggested that both the isolated nature o f the tetragonal precipitates in the stable cubic
zirconia matrix phase, and the very clean grain boundaries in the M g-PSZ, contributed to
this low er susceptibility to aqueous attack.
Likewise, Sato et al [178], w ho studied various solutions including water, also found that
the tetragonal —» m onoclinic transform ation occurred for w ater-treated m aterials above
200°C. M g2+ ions were found to leach into the w ater and some o f the other reagents.
Recently Drennan et al [179] studied M g-PSZ using analytical transm ission electron
microscopy (ATEM ) after aging in steam at 175°C. The m -phase content in the surface
increased sixfold, and the grain boundary and interfacial precipitate-m atrix regions were
leached away, which induced the unconstrained precipitates to transform. A lso Drennan
et al. [179] showed that a redistribution o f the M g2+ into 6 -phase regions m ake these more
prone to attack for aged M g-PSZ m aterials. Swain [177] found that the longer the heat
treatm ent, which results in a higher

8

-phase content, the material is more susceptible to

the t to m transformation. M ore recently M eschke et al. [180], in a study on the phase
stability o f fine-grained (M g,Y )-PSZ, found that degradation resistance w as at the middle
between M g-PSZ and Y-TZP. M eschke et a l’s [180] results are presented in Fig.2-27
together with Liu et al’s [181]. These results are consistent with Sw ain’s [177].
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Figure 2-27. The m -phase content o f (M g,Y )-PSZ and com m ercial M g-PSZ after
hydrotherm al treatm ent at 180°C at 10 bar as function o f exposure tim e[180, 181].

2.7.3 Ca-DOPED PSZ AND TZP
W hile transform ation toughening itself was discovered in C a-PSZ [3], little data have
been reported on the com m ercial exploitation o f strong and tough C a-PSZ and Ca-TZP
because o f its inferior properties com pared to the analogous M g-PSZ and Y-TZP
materials. H owever, a recent report [182] showed that room -tem perature isotherm al
transform ation occurred on 7.8m ol% Ca-PSZ. The lattice m ism atch between t-ZrC >2
precipitates and the c-ZrCL matrix in C a-PSZ which is interm ediate between that o f YPSZ (small mism atch) and M g-PSZ (large m ism atch), is considered to be responsible for
the isotherm al transformation. The net coherency stresses in C a-PSZ m ust be larger than
in M g-PSZ due to different precipitate geom etry (oblate spheroid in M g-PSZ and cuboid
in Ca-PSZ) which may further explain the lack o f isotherm al transform ation in M g-PSZ.
W ith the successful synthesis o f C a-PSZ [183, 184], its resistance to hum id environm ents
has also been studied. Pam puch [184] com pared it with Y-TZP under hydrotherm al
conditions: see Fig.2-28. The largest difference is observed at about 250°C, in agreem ent
with previous literature reports. H owever, in a Ca-TZP sam ple o f a sim ilar CaO content
to that the previous sample (4.3m ol% ) but sintered at a higher tem perature (1300°C), the
tetragonal to monoclinic transform ation already occurs at a tem perature as low as 20°C
(as shown in Fig.2-29). Pam puch [184] concluded that the sensitivity o f C a-TZP to a
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humid atm osphere is a com plicated function o f the chem ical com position o f the samples,
grain size, and hum idity o f the environm ent. A detailed explanation for this sensitivity
still requires further investigation.
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Figure 2-28 M onoclinic phase content in Y- and Ca-TZP as a function o f aging
tem perature [184].
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Figure 2-29 Kinetics o f the tetragonal - » m onoclinic transform ation in 4.3m ol% Ca-TZP
sintered at 1300°C.
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2.7.4 Ce-DOPED TZP
O ver the past fifteen years there has been an em phasis placed on Ce-TZP m aterials
because o f their high toughness and high resistance to LTED. O wing to the lower
transform ation tem perature o f ceria-doped tetragonal Zr 0 2 polycrystals, it is believed that
ceria is a good candidate for improving the therm al stability. Sato et al[ 185] investigated
the isothermal transform ation o f Ce-TZP by annealing at low tem peratures in w ater and
in air. They found that the m -phase in
that in

8

mol% and

10

8

mol% C e 0 2 -TZP form ed isotherm ally in air, and

mol% Ce 0 2 -Zr 0 2 , the m-phase form ed at a higher rate by

isotherm al holding in water. W hen com pared with a Zr 0 2 - 3 m ol% Y 2 0 3 ceram ic with the
sam e grain size [186], the tetragonal phase o f Z r 0 2 - 8 m ol% Ce 0 2 was stable at a low er
tem perature. However, the isothermal transform ation tetragonal —> m onoclinic doesn’t
appear in

12

m ol% Ce 0 2 -ZrC>2 [187, 188]. Hsu et al [189] proposed that the higher stability

o f Ce-TZP may be attributed to the fact that the M s tem perature for

1 2

mol%CeC>2 -Zr 0 2 is

much low er (~200°C). In addition, it was found [190] that the CeO i.s-stabilized tetragonal
zirconia had a low er tetragonality and low er transform ability com pared to the CeC>2 stabilized tetragonal zirconia with the same mole percentage dopant.

2.8.

INFLUENCE

OF

ENVIRONMENT

ON

THE

TETRAGONAL->MONOCLINIC PHASE TRANSFORMATION OF
TZP
2.8.1. EFFECTS OF GENERAL ENVIRONMENT
A lthough it has been determ ined that the tetragonal phase stabilization is related to grain
size [124, 132, 191], precipitate size [3,126], and even pow der size [79,192], the
influence o f environm ents on the tetragonal —> m onoclinic phase transform ation
continues to be a dom inant area o f Y-TZP research. M urase et al. [193, 194] first studied
the influence o f a wet atm osphere on the tetragonal —» m onoclinic phase transform ation
and crystallite growth. They found that w ater vapor played an im portant role in both these
phenom enon in zirconia powders, and that the tetragonal —» m onoclinic phase
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transform ation in a w et atm osphere takes place at a higher rate and low er tem perature
than in a dry atmosphere. Sato et al. [195] system atically investigated the effects of
different hum idity conditions and different atm ospheres on the tetragonal —> monoclinic
phase transform ation and found that aging only occurred in w ater vapour and am m onia
gas and not at all in vacuum or carbon dioxide atm ospheres (Table 2-7). H owever, a study
by W atanabe et al. [196] suggested that the degree o f the tetragonal —» m onoclinic phase
transform ation depended on the gas flow around the specim en surface and was
independent o f the environm ent: see Table 2-8.
They thought that oxygen was more likely to be responsible for the tetragonal —>
m onoclinic phase transform ation than O H ' because zirconia was a oxygen ionic
conductor. N arita et al. [197] studied the stability o f Y -TZP( 3 m ol% Y 2 0 3 ) during aging in
H 2 O, NH3 and LiF at tem peratures from 100-450°C and found that the transform ation
occurred not only in H 2 O but also in NH3 and in LiF. They em phasized that the reaction
with the environm ent and the stability o f tetragonal phase are m ainly dependent on the
presence o f oxygen vacancies. The reduction o f vacancy concentration by aging in a
reactive atm osphere may cause the phase transform ation. In their opinion, H 2 O, NH3, LiF,
H F and Li 2

0

all can be regarded as reactive com pounds for the induction o f the phase

transform ation.

Table 2-7. A m ount o f m-ZrC >2 (% ) form ed by annealing in various atm ospheres at 175°C
for 6 hours [195]
H 2 O vapour

NH 3 gas

CO 2 gas

Vacuum

3

6 8 .0

16.5

0

0

Z r 0 2 -3m ol% Y 2 0 3

52.3

8 .0

0

0

Zr02-4m ol% Y203

38.2

6.5

0

0

Z r 0 2 -2m ol% Y 2 0

Sato et al. [198] studied the influence o f various types o f solvents on the tetragonal —>
m onoclinic phase transform ation at 90°C for 120 hours. A cceleration o f the tetragonal —»
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monoclinic phase transform ation was found not only in aqueous solutions but also in
nonaqueous solvents. Nonaqueous solvents with a m olecular structure containing a lonepair electron orbital opposite a proton donor site also greatly enhanced the transform ation.
Their data are given in Table 2-9. They concluded that environm ents which accelerated
crack growth had the greatest effect on tetragonal —> m onoclinic phase transform ation
because solvent environm ents with a m olecular structure containing a lone-pair electron
orbital opposite a proton donor site strongly affected crack growth.

Table 2-8. A m ount o f m -Z r0 2 formed on the surface after aging Z r 0 2 - 3 m ol% Y 2 0
300°C for 24 hours in various environm ents [196]
Environm ent

m -Z r0 2(%)
(A) Static

air

83

o2

77

Ar

74

2

74

n

Sn bath

80

V acuum (sealed in a silica tube)

72
(B) D ynam ic

V acuum (by rotary pump)

7

V acuum (by diffusion pump)

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3

at

CHAPTER 2

LITERATURE REVIEW

66

Table 2-9. Formation o f m-ZrCh by annealing* o f Zr 0 2 - 3 m ol% Y 2 0 3 ceramics sintered at
1600°C [198]
Environm ent

A m ount o f m -Zr 0 2

Concentration o f

(mol%)

w ater (ppm)

(A) Aqueous solutions
H 20

48.8

5M HC1

53.3

-

5M H 3 PO 4

52.6

-

5M HCIO 4

56.8

-

5M H NO 3

51.1

-

5M H 2 SO 4

45.7

-

1M H 2 SO 3

50.9

-

5M NaOH

53.8

-

30wt% N H 3

49.7

-

(B) Nonaqueous solvents w ith lone-pair electron orbital opposite proton donor site
H 0C H 2C H 20H

37.0

15000

H 0C H 2C H 0H C H 20H * *

45.2

-

H 2 N CH 2 CH 2 OH**

38.8

-

C 2 H 5 OH

25.9

6850

(C 2 H 5)2NH

16.6

1870

C H 3 C H 2 CH 2 N H 2

37.1

1060

N H 2 CHO

36.1

1730

(C) N onaqueous solvents with lone-pair electron orbital w ithout opposite proton
donor site
C H 3CN

18.1

1750

Q H 5NO2

16.4

1730

c 4 h 8o 2

2 1 .0

1600

(D) N onaqueous solvents w ithout lone-pair electron orbital
0

890

C 6 H 12

0

190

i-C 8 H i 8

0

180

c 6h 5c h

3

* At 95°C for 120hr.

** Peak position o f water is same as that of solvent and can not be determined.
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2.8.2. EFFECTS OF PHYSIOLOGICAL ENVIRONMENT
Research and design on zirconia as a biom aterial was started in the late sixties. The first
paper concerning the biom edical application o f zirconia was published in 1969 by H elm er
and Driskell [199], while the first paper concerning the use o f zirconia to m anufacture
ball heads for Total Hip Replacem ents (THR), which is the current main application o f
this ceram ic biom aterial, was published by Christel et al. [200] in 1988. N ow adays, TZP
ceramics, w hose minimal requirem ents as im plants for surgery are now described by the
standard ISO 13356 [201], are the materials selected by alm ost all the m anufacturers that
are introducing zirconia ball heads into the m arket (see Table 2-10) [1], M ore than
300,000 TZP ball heads have been im planted [202], and only two failures had been
reported [203] up to 1995.
Table 2-10. Producers o f zirconia ball heads for TH R [1]
No.

Producer

Country

1

A strom et

U SA

2

Ceraver

France

3

Ceram tec

G erm any

4

N orton

France

5

K yocera

Japan

6

M etoxit

Switzerland

7

M organ M atroc

U nited K ingdom

8

NGK

Japan

9

SCT

France

10

X ylon

USA

The strength degradation in w et environm ents o f zirconia was studied from the early
phases o f the developm ent o f zirconia for biom edical applications [204]. G arvie et al.
[205] reported a reduction up to 14% o f the m odulus o f rupture (M O R) o f M g-PSZ
samples m aintained for lOOOh in a boiling saline solution. On the other hand, the content

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2

LITERATURE REVIEW

68

o f the m onoclinic phase in the surface of specim ens o f rabbits, although high (32%), did
not show significant variations.
Bending strength variation o f T Z P sam ples im planted in the m arrow cavity and in the
paraspinal muscles o f rabbits or maintained in a saline solution at 37°C for 12 months
was investigated by K um ar et al. [206]. An increase in the bending strength was observed
after six months, associated with 2% M -phase formation on the surfaces o f samples.
Experim ental data reported by Schw arz [207] and by Christel [208,209] are in agreement
with those o f K um ar’s [206]. Christel [208,209] showed that gam m a sterilization or
ageing in R inger’s solution for 100 days did not induce significant variations in the
strength o f TZP samples. A lso, Ichikaw a et al. [210] did not observe variation in the
bending strength of TZP sam ples after 12 months ageing in air, saline, or subcutaneous
tissues o f W istar rats.
Conflicting results ware reported by Drum m ond [211, 212] and by Thom son and
Raw lings [213]. D rum m ond perform ed an extensive study on ageing o f TZP [211] and
found that reduction in M O R o f about 20% was observed in TZP samples after ageing for
730 days in R inger’s, saline solutions or distilled w ater at 37°C. Reduction takes place in
the tim e interval 140-304d, and no significant coorelation with the testing environm ent
was found. A lso control specim ens, maintained in air, showed sim ilar behaviour. The
sam ples tested contained 5.5-8.5w t% Y 9 O 3 , slightly above the optim al com position, and
contained phases different from tetragonal, probably cubic. This fact makes the samples
tested not representative o f TZ P for implants.
Thom son and Raw lings [213] reported the m -phase as reaching 10% after 18 months
ageing in R inger’s solution. They calculated that m -phase m ight reach a maxim um
transform ation o f 72% at 37°C in a tim e ranging from 7 to 30 yr, encom passing a TH R
expected lifetime. However, it is worth noting that these results were obtained on TZP
ceram ics characterized at the start o f the test by a m-phase content o f approxim ately 5%,
and by a rather high defect population, indicated by a low W eibull m odulus (m=6.5) and
M O R below 700M Pa m easured in three-point bending tests. Bending strength showed
little variation during testing, show ing that the material strength in the samples tested was
controlled by defects m ore than by phase transitions.
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Shimizu et al. [214] tested TZP sam ples (grain size 0.25|im , density 6 g cm '3) in vitro and
in vivo. In vitro tests were perform ed in saline at 37,50,95°C for 36 months, and in an
autoclave at 121°C for 960h. Sam ples were tested in vivo in subcutaneous tissue and in
the tibial marrow of JW rabbits for 30 months. Three-point bending tests were performed
on 8mm gauge samples. A lum ina was used as a control. Sam ples tested at 37°C in vitro
and vivo did not show significant differences. The developm ent o f the m onoclinic phase
on the surface o f the samples was only observed 90 days after the beginning o f the test,
reaching approxim ately 2 and 5% after 12 and 30 m onths, respectively (Fig. 2-30). The
m onoclinic phase was 69% in sam ples aged at 95°C after 17 months, while in samples
aged in an autoclave at 121°C the m onoclinic phase was about 50% after 500h only,
being 80% after lOOOh.

• Bone marrow

o

E

o Subcutaneous tissue
■ Saline solution (37°C)

6j

o
ft

o

■g

8c

Ageing time,

Years

Fig. 2-30. Tetragonal to m onoclinic transform ation o f TZP in vivo and in saline. [214]

Zr-OH bonds were identified by FTIR in sam ples aged for 960h in w ater at 121 °C. This
suggests that the phase transition in the material tested depends on m echanism s sim ilar to
the ones proposed by Sato and Shim ada [40,198] or by Y oshim ura et al. [215], with the
formation o f Zr-OH bonds being the transition initiator. N evertheless, no m icro-cracks
were observed by SEM in identical material sam ples aged 1920h in saline at 121°C. The
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activation energy of the transition process in the material tested was calculated to be
about 21.5kcal m o l'1. This result allowed the authors to predict that the bending strength
o f the material will be m aintained for 80 years at a value higher than 800M Pa.
Results o f ageing tests in w ater fo r three years w ere reported [216]. The activation energy
o f the tetragonal —» m onoclinic transform ation process was calculated according to the
Sato and Shim ada model [40, 198] to be 25.2 kcal m o l'1. On this basis, the authors
calculated that the flexural strength o f the material maintained for 50 years in w ater at
37°C will be more than adequate for orthopaedic or dental implants. C hevalier et al. [202]
reported the results o f a study on the tetragonal —» m onoclinic transform ation kinetics in
Y -TZP obtained from co-precipitated pow ders. These results allow one to predict that a
25 year ageing period at 37°C w ould be required to reach 20% m onoclinic content in their
samples. The activation energy m easured (log k Jm o l'1) is o f the same order o f the one
measured by Shimizu et al. [214].
N ot only the yttria content but also the yttria distribution plays a role on tetragonal —»
m onoclinic phase transition in TZP materials. The stabilizing oxide is introduced in
zirconia during the early steps o f the pow der m anufacturing process, i.e. co-precipitation
o f yttrium and zirconium salts. A different approach to the introduction o f stabilizing
oxide in ceram ic powders consists o f coating zirconia grains with yttria, thus obtaining an
yttria gradient in the m aterial. The effects o f this yttria distribution on Y-TZP
hydrotherm al stability were investigated by R ichter et al. [217]. Sam ples obtained by co 
precipitated and coated pow ders follow ing the sam e preparation and sintering schedule
were treated in an autoclave in the presence o f w ater vapour at 140°C up to 120h. The
developm ent o f M -phase in the sam ples show that the two materials follow a quite
different evolution: in ‘co-precipitated’ sam ples one can observe a fast increase in mphase content, reaching 80vol% after 24h. The successive evolution o f the transform ation
is slower, the am ount o f m -phase reaching 90vol% after 120h o f treatment. In ‘coated’
samples, the evolution o f the m -phase appears to be progressive, reaching 60vol% after
120h o f treatment.
The thickness o f the m onoclinic layer after 120h is approxim ately 120|im in TZP made
from co-precipitated pow der, and is around 5p m when made from coated powder. This
result was achieved using precursors sintered to full density at a relatively low
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tem perature without glassy additives, resulting in a com pletely tetragonal TZP with grains
less than 0.5|im in size [218, 219].
Cales et al. [220] reported the first results on m echanical behaviour o f T H R zirconia ball
heads after clinical use. These w ere perform ed on four ball heads retrieved from patients
after 22, 24, 27, 39 months. T he results obtained are very relevant as the ball heads were
subjected not only to the action o f the body environm ent, but also to the physiological
cyclic loading.
Three out the retrieved ball heads were subjected to static com pression tests, while bar
sam ples for the bending test w ere obtained from the ball retrieved after 22 months. The
U ltim ate Compressive Load (UCL) o f the retrieved ball heads was within the acceptance
values characteristic o f each production batch (Fig.2-31). The experim ental values
obtained from the bending tests perform ed on test bars obtained from the 22 months
im planted ball heads, as well as result o f tests perform ed on test bars m achined from
current production TZP ball heads aged in R inger’s solution and in anim als at 37°C for 2
year [221] did not show significant differences, the bending strength rem aining
unchanged.
The effects o f the com bination o f stress and a w et environm ent on TZP stability were also
reported [203]. TZP ball heads, d>32mm, were m aintained in R inger’s solution for 3, 6
and 12 months under static loads o f 10, 20 and 30 kN fitted in Ti6A14V tapers. An axial
bore in tapers allowed R inger’s solution to reach the top o f the conical bore o f the ball
head. Com pression tests did not show significant variations in UCL. W hatever the tim e in
R inger’s solution and the applied load, the average U C L m easured before the test
(132kN), XRD analysis did not show variations in the contents o f the m onoclinic phase
up to 12 months. Ageing o f sam ples o f the sam e material for 2 years was perform ed by
im planting then in m uscles o f rats and rabbits, and in the fem ur o f rabbits and sheep.
Fracture toughness measured by the m icro-indentation did not show significant
\D

variations, Kic ranging (9±1) M P an f ~ w hatever the site or tim e o f im plantation. N either
differences in the finish o f outer and inner bearing surfaces between virgin and retrieved
TZP ball heads, nor in density o r hardness were observed after 18 m onths o f clinical use.
Sim ilarly no differences were observed in the average bending strength o f TZP bars aged
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for 300 day in SBF at 37°C and 60°C. In these samples the formation o f m onoclinic phase
(<1%) in the predom inately tetragonal structure [222,223] was observed.
The above results presented by different authors, confirm the conclusions o f the work by
Swab [224]. The extent o f strength degradation o f TZPs in w et environm ents depends on
the material microstructure,

and can

be controlled

by control o f the material

manufacturing process and o f the precursors selected for ceram ic m anufacture. One can
observe that there is experim ental evidence that TZP ceram ic is able to maintain good
mechanical properties in w et environm ents for expected im plant lifetim es, but general
conclusions about the stability o f TZP m ust be avoided, as the behavior is peculiar to each
material and its m anufacturing technology.
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Fig.2-31 TZP ball heads ultim ate com pression load after clinical use, in com parison to the
acceptance values o f production batches [221]
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Results o f low temperature ageing tests in physiological environm ents reported by several
authors are summarized in Table 2-11.

Table 2-11. Summary o f low tem perature ageing tests on zirconia ceram ics in
physiological environm ents
Reference

Material

Medium

1225]

TZP

Ringer’s

T
(°C)
37

[227]

Ca-PSZ

Ringer’s

37

_

Mg-PSZ

Rabbit dorsa
Saline

[204]

100

Rabbit
m uscles
[205]

TZP

Ringer’s

37

Bone marrow

Subcutis

[2 0 6 ,2 0 8 ]

Y-PSZ

Ringer’s

37

[209]

Z r0 2 +
3%Y20 3
Y-PSZ

HC1 sol.
Subcutis
Ringer’s

37

[2 10]

37

Saline

Water

[21 1 ]

M g-PSZ

Air (*)

Water (*)

37

Time
6w
12w
24w
52w
lw
2w
4w
3m
lOOOh
7d
lm
3m
6m
3m
6m
12m
3m
6m
12m
3m
6m
12in
Id
7d
50d
lOOd
Up to
12m
140d
304d
453d
140d
304d
453d
140d
304d
453d
6m
12m
18m
6m
12m
18m

% MOR*
variation
Roughly +
10% after 52
weeks

Remarks

-16.1
-17.4
-18.5
-25.8
-6.5a
-13.7b

Z r 0 2 + 4% CaO, 1% S i 0 2, 1%
a i 2o 3.
Presence o f T i0 2 and Fe20 3

—

0
+19.5
+22
0
+17
+9.8
0
+22
+5

No
variations
0
-12.9
-22
0
-19
-19.5
-1.7
-15.5
-17.3

-1
-4.9
-2.5
-8
-3.6
-2.5

A: ground; b: polished
Samples characteristics:
Grain size: 50 m porosity: 2%
M-phase: 12-30%
M -phase increase was less than
2 % in all sam ples at 12m.

-7.4%
-6 .6 %
-6 .6 %
+3.1%
(Fracture toughness K|C)
T-phase > 90%
6 .6 % mol Y20 3 at test start

MOR for crosshead speed 0.1
mm min'1
* Autoclaved at 121 °C in
water prior to aging
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6m
12m

0
0

18m
19m

-3
-16.4

30m

-5

24h
48h

-15

120h

-25
-6.5
-6.5
- 1 1.5
N o change
N o change

Air seal

[212]

TZP

Ringer’s

1213]

TZP

Bone marrow

[226]

TZP—A

Steam

37

140

24h
48h

TZP—B

[220]
[2281

TZP
TZP

Time units: h-hour,

Ringer’s
Ringer’s
d-day,

w -w eek,

37
37

120h
783d
453d

-21

74

5% M phase at test start
14% M phase at test end
Average increase M phase
2 mol% per year
5 vol% M phase at test start
> 80 vol% m phase at test end
11 vol% M phase at test start
60 vol% M phase at test end

m-month

*MOR: modulus o f rupture

2.9. INHIBITION OF LOW TEMPERATURE ENVIRONMENTAL
DEGRADATION (LTED)
2.9.1. BULK METHODS BY CATION-STABELIZERS
Considerable efforts have been expended in attem pting to retain the com m ercial viability
o f transform ation-toughened zirconia ceram ics by elim ination o f LTED. These efforts
have concentrated mainly on reductions in the chem ical or mechanical driving forces. The
free energy change for the tetragonal —» monoclinic phase transform ation can be
described [122] by Eq.2-17 and 2-18 (see Section 2.5.1). The tetragonal —> monoclinic
phase transform ation can be controlled by increasing these three free-energy changes. It is
well known that AGCcan be increased by adding such solutes as CaO, M gO, TiCL and
C e 0 2 , etc. [176] or by controlling the yttria distribution [229]. AUse and AUS are functions
o f the elasticity and the grain size o f zirconia, respectively. It is believed [186] that the
dispersion o f A LO 3 (Y oung’s modulus 390M Pa) into zirconia m ight be helpful in
controlling the tetragonal —> m onoclinic phase transformation. D ispersion o f m ullite and
spinel into Y-TZP was also found to be useful in suppressing the transform ation [230].
Reduction in the grain size has been achieved by low temperature sintering and starting
with ultrafine gel-derived m aterials [231]. O f course, increasing the Y 2 O 3 content in YTZP also can decrease the grain size. As Lange [124] showed in a study o f the aging
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kinetics in ZrC>2 -Y 2 0 3 transform ation-toughened m aterials with different Y 2 O 3 content
and grain sizes, decreasing the grain size and increasing the Y 2 O 3 content are useful for
inhibiting the tetragonal —> m onoclinic phase transform ation under low tem perature aging
conditions. However, this will cause a significant loss in the fracture toughness. Sato et al.
[186] suggested that reduction in grain size can only control the tetragonal —> monoclinic
phase transform ation if annealed at a low tem perature, but it can not inhibit it when aged
in hot water.
W atanabe et al. [232] first reported that the stability o f Y -TZP could be im proved by
alloying with CeCL. Later Sato et al. [162, 233] carried out a detailed investigated into the
effect o f the addition o f various oxides on the phase stability o f Y-TZP. The am ounts o f
m-ZrCb form ed on the surface o f Zr 0 2 - 3 m ol% Y 2 0 3 containing various am ount o f oxides
are shown in Fig.2-32, w here it can be seen that the phase transform ation was depressed
by increasing the am ount o f these metal oxides, although the m echanism s for depressing
the phase transform ation seem ed to be different. W hen 10wt% CeC>2 was added to 3YTZP and 4Y -TZP [186] and 15wt%CeC>2 was added to 2Y -TZP [233], they reported that
the tetragonal - » monoclinic phase transform ation on aging could be com pletely
inhibited. Figure 2-33 [162] illustrates the relationship between grain size, CeC>2
concentration in the Y-TZP and the am ount o f m -phase generated after annealing, w here
the shaded area indicates the region in which the tetragonal —> m onoclinic phase
transform ation did not proceed at all. H ow ever, it is pointed out that the fracture strength
o f C e 0 2 -doped TZP was reduced except for only surface doped m aterials [163, 234],
because the tetragonal —» m onoclinic phase transform ation proceeded in a relatively low
stress field. In addition, one o f the reasons for this degradation by hydrotherm al treatm ent
in som e (Y,Ce)-TZP ceram ics m ight be that they were less dense than the 3Y-TZP
ceram ics, due to their low er sinterability. Thus, w ater m olecules could penetrate via the
pores and accelerate the phase transform ation.
A study by H ernandez et al. [235] showed that no tetragonal —> m onoclinic phase
transform ation and no degradation in properties took place after hydrotherm al treatm ent
at 170°C for 1000 hours when the density was increased by alloying with more CeC>2 .
From these results, it is clear that addition o f CeC>2 dopants to TZP is one o f the m ost
efficient methods to enhance the resistance to LTED.
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In order to im prove the mechanical properties and inhibit the LTED further, (Y,Ce)TZP/AI 2 O 3 com posites were successful fabricated for this purpose. It was found that
adding alum ina to TZP not only increased the relative density o f the com posites [169,
234] so that the phase stability was enhanced [186], but that it could also im prove the
fracture strength [236, 237] and hardness [238]. A t the sam e time, a new process, post
sintering procedures to elim inate porosity, has attracted considerable attention. Hirano et
al.[239] reported that mean bending strengths o f 2000 and 2050M Pa for (4Y,4Ce)TZP/25wt%Al2C>3 and (2.5Y,5.5Ce)-TZP/25wt%Al2C>3 have been obtained by a post
sinter hot isostatic pressing at 1400°C in an A r - 0 2 gas atmosphere. The fracture strengths
o f the specim ens were com pared before and after hydrotherm al aging for lOOh. The
fracture strength of 2Y -TZP and 3Y -TZP decreased from 1100 to 180 M Pa and 1050 to
650 M Pa, respectively. H owever, no degradation in bending strength was observed for
(4Y, 4C e)-TZP/25w t% A l20 3 and (2.5Y, 5.5Ce)-TZP/25w t% A l20 3 com posites hot
isostatically pressed at 1400°C in an A r - 0 2 gas atm osphere. The resistance to LTED can
be attributed to a fine grain size resulting from zirconia grain growth suppressed both by
hot-isostatic treatm ent and by dispersion o f AI 2 O 3 . Also, the addition o f AI 2 O 3 increases
the strain energy because o f a higher elastic m odulus, and this lowers the transformation
tem perature.
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^ CciO
▼ MgO
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Figure 2-32 A m ount o f m -Zr 0 2 form ed on the surface o f ZrC>2 - 3 m ol% Y 2 C>3 containing
various oxides by annealing in air at 200 °C and 1.54kPa for 50 h o u rs[1 6 2 ,233].
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Figure 2-33 R elationship am ong the am ount o f m-ZrC>2 , the grain size o f ZrC>2 , and the
CeC>2 content in ZrC>2 - 3 m ol% Y 2 0 3 annealed in w ater at 100°C for seven days.

U rabe et al.[240] have reported that the “As” (austenite start tem perature in zirconia)
tem peratures o f 4 Y-TZP,

6

Y-TZP, (2Y ,5Ce)-TZP, (3Y ,5Ce)-TZP, and (4Y ,4Ce)-TZP

were 550°C , 539°C, 485°C, 338°C and 311°C, respectively. Thus, they suggested that
the addition o f CeCL to Y-TZP enhances the stability o f the tetragonal phase through the
chem ical free energy effect on the transform ation tem perature. H irano [234] constructed
the characteristic regions and com position areas o f the zirconia phase in the ternary
system Y 2 0 3 -Ce 0 2 -Zr 0

2

by incorporating different study results as shown in Figure 2-34

[239-246]. It is believed that the Ti region can exhibit excellent strength. The mean
values o f the strength o f hot isostatically pressed TZP/AI 2 O 3 com posites in this
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com position area can reach m ore than 1500 M Pa. T 3 region materials are known to have a
higher toughness (>15M Pam 1/2). The T 2 region is the area o f greatest tetragonal phase
stability. (Y ,Ce)-TZP com positions in this region are m ore stable and m ore resistant to
the tetragonal —» monoclinic phase transform ation in LTED than 3Y-TZP. The (Ti + T 2 )
region is considered the m ost interesting and practical region for structural ceram ics,
since the hot isostatically pressed com posites consisting o f (Y ,Ce)-TZP and AI2O3
showed exceptional strength and high resistance to LTED.

T ,: High strength region
T2 : More stable area of tetragonal phase
T3 : High toughness region

Cubic

Tetragonal

Monoclinic
0

Zr02

5
10
------------- CeO 2 ,

15
mol%

20

Figure 2-34 Schem atic illustration o f zirconia phase and characteristic regions for the
sintered m aterials in the ternary system Y 2 0 3 -C e 0 2 -ZrC>2 .
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However, given that the addition o f AI2 O 3 sim ultaneously decreases the fracture
toughness, further research is ongoing. Recently, Fujii et al. [247, 248] found that the insitu formation o f Ce-TZP/ALOa/LBA (Lanthanum -p-alum inate, L aA lnO is) com posites
during sintering seemed to be a prom ising w ay to im prove the fracture strength o f CeTZP w ithout reducing the high fracture toughness: see Table 2-12. However, the
hom ogeneous dispersion o f a plate-like lanthanum -P-alum inate will unavoidably bring
new processing problems.

Table 2-12 M echanical properties o f C e-TZ P based ceram ics [247]
a i 2o

3

(wt%)

12Ce-TZP
12Ce-TZP/Al 2 0

3

12Ce-TZP/Al 2 0 3/LBA

LBA

Fracture

Fracture

(wt%)

strength

toughness

(M Pa)

(M Pam l/2)

0

0

650

8 .1

2 0

0

930

6.4

15

5

910

1 1 .2

2.9.2. SURFACE METHODS USING ANION-STABILIZERS
Compared to the different cation-stabilizers, which have been extensively investigated for
their stability effects on TZP, little attention has been paid to anion stabilizers. One
possible reason is that the role o f an anion stabilizer has not been fully understood.
However, ZrCL can be stabilized equally effectively for the prevention o f degradation in
Y-TZP by anions as well as cations. An exam ple o f an anion stablizer for Z r 0 2 is
nitrogen, in which the nitrogen ions replace the oxygen ions to produce oxygen vacancies
[167, 168]. Unfortunately, the effects o f another anion, carbon, the nearest elem ent to the
nitrogen atom in both atom size and electron configuration, on the degradation o f TZP
has not yet been clearly investigated.
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MECHANISMS

DEGRADATION

OF

80

TZP

AT

LOW

TEMPERATURE
M any different theories have been proposed to account for the degradation. The
m echanism first proposed by Sato et al. [198] in 1985, is analogous to the corrosion
mechanism by w ater in vitreous silica [249], i.e. the debonding o f Zr-O -Zr by the
presence o f a proton donor. They also suggested that not only H 2 O but also polar gases
such as N H 3 and nonaqueous solvents with m olecules containing a lone-pair electron
orbital opposite a proton donor site, would be absorbed at the surface and cut the Zr-O -Zr
bonds as illustrated in Fig.2-35 [198]. They envisaged that the formation o f O H- causes
the release o f the strain stabilizing the tetragonal phase. However, Y oshim ura et al. [215]
considered that the chem ical adsorption o f w ater at the surface and invasion into zirconia
lattice according to the reaction,

Zri-x Yx O2-X/2 Ux/2 + 8 H2O = (Zrj.x Yx)02-2/x-8 (OH)28 Ux/2 -8
(w here X = 0.0518,

\ lZr/

= 0.0159)

\ Zrl /

\l/

1
-.0

0
1
H
H
1
O

H -O .
H‘
H

Zr

/|\

8

Zr

Zr

/ |\

Zr
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Figure 2-35. The proposed reaction m echanism between w ater and the Zr-O -Zr bonds at
the crack tip [198]
will result in Zr-OH and /or Y-OH, which will increase the surface stress at these sites.
U pon the form ation o f a critical num ber o f nucleation sites, the tetragonal —> m onoclinic
transform ation com m ences, w hich is accom panied by micro- and m acrocracking (as
shown in Fig.2-36).
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Similarly, a study by Schm auder et al. [229] suggested that the therm al expansion
difference between the a- and c- axes o f the t-phase in 2 m ol% Y 2 0 3 was greater than that
of

3

mol% Y 2 0 3 resulting in an increase in chem ical free energy and shear stress, which

could increase the driving force and thus cause the transform ation when w ater is present.
Chen et al [250] found that the size, shape and location o f t-grains as well as their
com position also affected the accum ulation o f stresses. However, the study o f Li et
al.[23] showed that the transform ation was not necessarily accelerated by an increase in
grain size. The transform ation that was induced directly by the presence o f w ater was
initially the dissolution of yttium atom s (or ions), which occurred preferentially at grain
boundaries. Li et al. [251] found that because the grain boundary area decreases
accordingly with increasing grain size, transform ation becom es increasingly more
difficult. In addition, yttrium can becom e enriched at grain boundaries during long
sintering periods in which the grain size increases. Transform ation consequently becom es
more difficult because more yttrium m ust be drawn out for the form ation o f nucleation
sites. On the other hand, increasing grain size facilitates transform ation by lowering the
nucleation barrier. The effect o f grain size on transform ation induced directly by w ater is
com plicated by all o f these factors, resulting in a “U ” type relationship between the
am ount o f transform ation and grain size (see Fig. 2-37).

.H

C h eiiso rp tio n

□:vacancy

S tra in Accumulation

Bulk I Surface D iffu s io n

Hudeous [ ) Transform ed

stage 4

Figure 2-36. Proposed degradation process o f Y -TZP by H 2 O [215]
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Fig. 2-37 Schem atic explanation o f the influence o f grain size on the transform ation
during aging in w ater at low tem peratures w here it is difficult fo r the transform ation to
take place solely by therm al activation [251].

Y ashim a et al. [252] showed that the tetragonal —» m onoclinic phase transform ation also
depended on the doping species and their content. Lee et al [253] found that autocatalytic
effects were m ore accelerated in the isothermal phase transform ation in sintered bodies
which possessed high density. Saka et al. [254] and N akanishi et al [255] suggested
diffusion in the lattice to be responsible for the tetragonal —> m onoclinic transform ation.
However, this was disproved by infrared spectroscopy for Y 2 (>3 -stabilized zirconia
pow der by Shigem atsu et al. [256], who confirm ed that Zr-OH bonds w ere actually
formed. Lange et al.[124] suggested that the degradation o f Y-TZP during aging at 250°C
was caused by the reaction o f w ater with Y 2 O 3 in the tetragonal zirconia solid solution to
form Y (O H ) 3

crystallites o f 20-50 nm size. The removal o f the yttria causes

destabilization in the grains, which results in transform ation when the islands have
extended beyond som e critical size. An x-ray photoelectron spectroscopy investigation by
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Li et al [257] supported Lange’s opinion. Their study reveals that no appreciable change
occurs in the electron binding energies o f Zr3d levels by the transform ation, whereas the
Y3d and O ls photoelectron spectra are changed by annealing in water, indicating the
formation o f Y-OH bonds by reaction with water. In spite o f this, Schubert [258]
excluded hydroxide formation as a result o f the diffusion o f Y3+ because o f its extrem e
slowness, but favored the form ation o f Y (OH ) 3 by the faster diffusion o f H 2 O in the
lattice. Sato et al. [198] by analysis o f the solvent also disproved the dissolution o f Y3+ in
the water. This agrees with the results on the hydrotherm al dissolution o f Y-TZP by
Y oshim ura et al. [259].
O ther m echanism s have been proposed that are based on defect chem istry theory. N arita
et al. [197] suggested that Y-TZP when reacted with H 2 O w ould consum e oxygen
vacancies at the surface, as follows:

H20 + V ” o

OoX + 2H*i

w here K roger’s notation (by K roger’s notation, any defect is notated in the following
$
way, A b , A denotes a defect type, here V -vacancy or atom ic sym bol for atom type; S

denotes charge with respect to perfect lattice, here • for positive c h a rg e ,' for negative and
x for neutral; B denotes site, here I for interstitial, atom for specific, i.e., Pb for a Pb site
in PbZrC>3 .) is used. The reduction o f vacancy concentration m akes the t-phase unstable
and thus induces the tetragonal —» monoclinic phase transform ation. H owever, Lepisto et
al [260] reported that doping o f zirconia with Y 2 O 3 will introduce vacancies into the
structure to maintain local charge neutrality:

Z r0 2 + Y20 3 -»

2

Yzr' + 3 0 0 + V 0 " + Z r 0 2

Zirconia dissolution is initiated at grain boundaries w here the reaction proceeds deeper
into materials.

Zrs4+ + 2 0 s2' + 2V 0" + 4H + + 4e + 2 0 2'

Zr + 2H 20
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The dissolution at grain boundaries releases the internal stresses that stabilize the
tetragonal structure, and thus triggers the tetragonal —» monoclinic transformation.
Because the isothermal transform ation can be controlled by the oxygen ion diffusion,
Nakanishi et al.[ 187] described it as a “bainite-like” transform ation. Thus far, this type o f
isothermal transform ation has been found in YoC^-ZrCh, Y 2 0 3 -Ce 0 2 -ZrC>2 , C a0 -Z r02,
and Ce02-ZrC>2 [188]. Tsubakino et al [261, 262] suggested at 1990s that isothermal
transform ation occurs by a nucleation and growth process w ithout providing experim ental
evidence for this mechanism. This was confirm ed by C hevalier et al. [263]. Tsubakino et
al [264] recently found from a TTT curve study o f Y-TZP that a typical C shape can be
form ed with a very high rate for lower Y 2 C>3 -contents, and that the rate decreases with
higher Y 2 0 3 -contents. This shifting o f C-shaped curves to higher tem perature and to
shorter aging tim e as Y 2 0 3 -content decreases, indicates that it m ight previously have been
m isunderstood

that,

in

lower-Y 2 0 3 -content

TZP,

the

tetragonal

—» monoclinic

transform ation takes place by an athermal mode.
Kruse et al. [265], using elastic recoil detection analyses (ERDA), and H ughes et al.
[266], using x-ray photoelectron spectroscopy (XPS), have studied the param eters
responsible for the w ater sensitivity. Kruse et al. [265] studied the effect o f the hydrogen
(H) and deuterium (D) on 3m ol% Y-TZP and a m ore corrosion-resistant 15mol%Ti3m ol% Y-TZP upon aging at 200°C at a w ater vapor pressure o f 15 bar. They found that,
w ithin experim ental accuracy, the total H and D were o f the same order as the vacant
oxygen sites and the concentration o f H in the Ti-containing sam ple was only m arginally
higher than in the un-aged control. These results further dem onstrated that H and D can
penetrate into the surface in m oisture-containing environm ents. W hether the H and D can
penetrate into the surface by vacancy migration was not discussed by the authors.
Hughes et al.[266] reported that m -Zr02 form ation was accom panied by an increase in
Y /Zr ratio, and changes in the O Is and Zr 3d local states after aging in m oist air. They
associated these changes with the dissociation o f w ater and the subsequent saturation o f
the surface in O2', which sets up strain fields leading to the transform ation. The increase
in Y/Zr, while not discussed, must presum ably result from a dissolution o f the Y-solute
from the lattice, also leading to the destabilization. Li et al. [251] confirm ed the
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increasing tendency o f Y /Zr atom ic ratio in the specimen sintered for a longer sintering
period. He suggested that yttrium becam e enriched at the grain boundaries as sintering
time increased. Yttrium enrichm ent at the grain boundaries also has been reported in other
investigations [267, 268], and was explained by Guo [268] according to the space-charge
theory (as shown in Fig. 2-38 [269]).

Space Charge Layer

Position
Fig. 2-38 D efect model o f yttria-stabilized zirconia by K roger notation illustrating the
interface layer, which is enriched in positively charged cations and the space charge layer
enriched in yttria and depleted in oxygen vacancies [269].
Yin et al. [270] proposed a kinetic model for the environm ental cracking sensitivity. They
provided a quantitative basis for assessing the long-term structural reliability o f TZP. It
was shown that in addition to the influence o f chem ical com position, the effective
activation energy barrier AG* may be affected by stress and m oisture. Interaction with
w ater will reduce the energy barrier AG*W, which includes the interfacial activation
energy barrier A*Ay. The high applied stresses around the crack tip will further reduce the
effective barrier by an increm ent AG* k- A com parison o f the kinetic model with
experim ental results was made. The value o f AG*W (82±3kJ/m ol) determ ined from the
kinetic model agreed well w ith activation energy o f 72.8-93.8kJ/m ol reported by Sato et
al. [185,198,271,272] for the stress-free tetragonal —> m onoclinic phase transform ation.
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Yin suggested that the agreem ent supported the hypothesis that crack growth in w ater for
3Y -TZP is controlled by the tetragonal —» m onoclinic phase transform ation at the crack
tip. Y in’s study showed that the decreases in stress-free activation energy from 169+4 to
82±3kJ/m ol, and in activation volum e from 35 to 14 unit t-cells by w ater m ight be
attributed to a change in surface energy by water.
M ore recently, the m olecular dynam ics theory has been used for the study o f stabilization
mechanism o f zirconia from a m olecular level. A self-consistent tight-binding model was
proposed by Fabris et al. [273] to calculate the energies and structures o f zirconia
containing different vacancy concentrations. It is well known that the position o f the
oxygen vacancy which is associated with each pair o f Y atoms has been a subject o f some
discussion. Even though there are experim ental data supporting the case in which Y is
nearest neighbor (NN) to the vacancy [274, 275], the m ost recent experim ents [89, 276,
277] suggest that Y is the next nearest neighbor (NNN) to the vacancy. First-principle
calculations [278, 279] agree with the latter result, showing that the Y NNN position is
energetically favoured by 0.34eV with the respect to the N N position [279]. The analysis
o f Li and cow orkers [89, 105-107, 276, 277] suggests that the Y atoms have a
com position-independent

8

fold coordination shell (like in the perfect fluorite structure)

in both the c* and t* lattice types, further supporting the hypothesis that the dopants are
on average N NN to the vacancies. The presence o f oxygen vacancies, together with the Y
in the N N N position, reduces the average coordination num ber o f the zirconium atoms
from

8

, as in the c structure, to values closer to 7, sim ilar to the m phase. Besides the fact

the Y atoms are 8 -fold coordinated in both the stabilized structures, on the basis o f the k
edge in x-ray-absorption spectra, Li and cow orkers [89, 105-107, 276, 277] conclude that
the perturbation in the neighborhood o f the dopant cations is small and short-ranged.
From these considerations, Fabris et al. [273] proposed a physical picture in which the
dopant cations, located in fluorite-like cation lattice sites N NN to the vacancies, do not
take an active part in the stabilization m echanism , which is dom inated by the crystal
distortions around the oxygen vacancies. The large relaxations around an oxygen vacancy
and the clustering o f vacancies along the < 1

1 1

> directions predicted by this model in

good agreem ent with the first principles calculations [273]. These results show that the
stabilization o f the tetragonal and cubic zirconia can be achieved in theory by doping
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zirconia crystal with oxygen vacancies only, and support the idea that the electronic and
structural properties o f stabilized zirconia are controlled by the structural disorder around
the oxygen vacancies, rather than by the substisutional dopant cations. The experim ental
results o f G off et al. [280] confirm ed Fabris’ model. They found that the oxygen
vacancies are preferentially arranged in pairs on nearest-neighbor anion sites in the < 1 1 1 >
fluorite directions, with a cation located between them and extensive relaxations o f the
surrounding nearest-neighbor cations and anions (see Fig. 2-39).

Relaxed cation (M3)
< IU > aw ay from
vacancy (v )

LJ

Anion vacancy (V)

O

Regular site anion (01
Relaxed aaiua (02)
<001> towards
vacancy (V)

■

(a)
Lattice cation (M l) £
Relaxed cation (M 31
<1 fly a w a y from
vacancy (V)

•—

f

O

Aniou vacancy (V)

0

Regular site anion (O I)

■

Relaxed anion (02)
<001> towards
vacancy (V)

(b)

------Tctrahedrally
n
distorted anion (02.)
Lattice cation (Ml)

M

J
d
1
V

„

(C)

Fig. 2-39. Schem atic diagram s showing the defect structures o f (a) an isolated single
vacancy with associated relaxations o f nearest-neighbor anions and cations, (b) a cationcentered vacancy pair in < 1 1 1 > with surrounding anion and cation relaxations, and (c) the
tetragonal distortion o f the fluorite cubic lattice due to alternate displacem ents o f anions
in < 0 0 1 > directions [280].
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The electronic structures o f undoped c- and t-Zr ( > 2 were calculated by a first-principles
m olecular orbital method [281]. A prelim inary analysis revealed that experim ental
energy-loss near-edge structure profiles obtained in Zr 0 2 - 8 mol% Y 2 O 3 could be
satisfactorily explained from their calculation. Their calculation suggests that the stability
o f t-ZrC >2 could be described by the interaction between neighboring oxygen ions rather
than the covalency o f Zr-O bonds (see Fig. 2-40).

(a) c-(Z r„0J6)“-

(b) / - ( Z r . A . r

(c) c-(M 2ZrllOS6)60'

(d)

#

O2
O2*vacancy

«

Zr4*
dopant

Fig. 2-40. C luster models used in calculation for (a) pure C-Z1O 2 , (b) pure t-ZrC>2 , (c) cZr 0 2 with tetravalent dopant, and (d) c-ZrC >2 with trivalent dopant [281].
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Although there appears to be no agreem ent concerning the m echanism by which the
degradation takes place, the tetragonal —> m onoclinic phase transform ation on the surface
has been confirm ed by various authors. H owever, there are still som e unsolved problem s
which require further study. A sum m ary o f the m echanism s suggested for LTED is given
in Table 2-13.
Table 2-13. A Chronological List o f the M ain Studies on the M echanism s of LTED

2

Year
1985
1986

Author(s)
Sato et al.
Schm auder et al.

M aterials
2 - 6 Y -TZP
2 -3 Y -TZP

3

1986

Y 2 0 3- Z r 0 2

4

1986

Saka et al
Nakanishi et al.
Lange et al.

Y 2 0 3- Z r 0 2

5

1986

Schubert

Y-TZP

6

1987

Y oshim ura et al.

Y-TZP

8

1987
1987

Shigematsu et al.
N arita et al.

Y-TZP
Y-TZP

9

1988

Pampuch et al.

Ca-TZP

10

1989

Lepisto et al.

2 -3 Y-TZP

11

1991

Nakanishi et al.

No.
1

7

12

1992

Nakanishi et al.

13

1993

Kruse et al

14

1993

Hughes et al.

Y 2 0 3- Z r 0 2,
Y 2 0 3 - C e 0 2Z r 0 2,
C aO -Z r0 2
8 m o l% C e0 2Z r0 2
3 Y-TZP,
15mol%Ti3m ol% Y -TZP
Y -TZP

15

1995

Yin et al.

3 Y-TZP

Suggested M echanism (s)
Corrosion
Heterogeneous thermal
expansion
Diffusion in the lattice
Form ation o f Y (O H ) 3 as a
result o f diffusion o f Y3+
Form ation o f Y (O H ) 3 by
the faster diffusion of
w ater in the lattice
Form ation o f Zr-O H or YOH by chem ical adsorption
Zr-OH bonds form ed
Reduction o f vacancy
concentration at the surface
An increase o f the grain
size
V acancies introduced by
Y 2 0 3 initiate the
dissolution o f zirconia at
grain boundaries

Ref.
[198]
[229]
[254]
[255]
[124]
[258]

[215]
[256]
[197]
[184]
[260]

[187]
B ainite-like transform ation

B ainite-like transform ation

[188]

H and D can penetrate into
the surface o f TTZC

[265]

m -Z r0 2 form ation was
accom panied by an
increase in Y /Zr ratio
K inetic model for
environm ental cracking

[266]
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16

1995

M eschke et al.

M g-PSZ,
(Mg,Y)-P

17

1995

Guo

Y-TZP

18

1996

Li et al.

Y-TZP

19

1998

Li et al.

2 Y-TZP,
3Y-TZP

2 0
2 2

1999
1999

C hevalier et al.
G off et al.

3Y -TZP
Y-TZP

23

2 0 0 2

K uwabara et al.

Y-TZP

24

2003

Fabris et al.

Y-TZP

sensitivity
t-precipitates in a cubic
m atrix o f M g-PSZ not
easily accessible for w ater
O xygen enrichm ent at
grain boundaries
Supported L an g e’s
mechanism by x-ray photo
electron spectroscopy
Preferential dissolusion o f
yttrium at grain boundaries
by the presence o f w ater
N ucleation and growth
Lattice relaxation around
nearest-neighbor
Interaction between
neighboring oxygen
D isorder around the
oxygen vacancies_________
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[180]

[268,
269]
[257]

[251]

[263]
[280]
[281]
[273]
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CHAPTER 3
EXPERIMENTAL DETAILS
3.1. MATERIALS AND SAMPLE PREPARATION
3.1.1. MATERIALS
3.1.1.1. POWDER MANUFACTURE AND SUPPLIERS
The raw zirconia powders were produced by the co-precipitation method (see A ppendix I
for more inform ation on co-precipitation) containing different mol% o f Y 2 O 3 and other
oxide powders (such as, A LO 3 , M ullite, C e 0 2 , G e 0 2 , La 2 0 3 , Fe 2 0 3 , CuO and M gO),
which were provided by Xylon Ceram ic M aterial Inc. (U SA ), Am erican Elem ent
Corporation (USA) and N orton D esm arquest Fine Ceram ics (France). The zirconia
pow der was cold isostatic pressed at 300M Pa, followed by vacuum sintering at a
tem perature o f 1500°C for 8 hrs to give an average grain size o f 0.6|im .
The ethyl silicate solution (PS912, the percentage o f SiCF and m ullite is 28vol% and
15vol%, respectively.) that w as used for surface infiltration treatm ent was made by
Petrarch Systems Inc., Bristol, PA, USA.
The ZrN and graphite powders w ere supplied by Fang D a C eram ics Inc., Beijing, China.

3.1.1.2. PARTICLE SIZE ANALYSIS
The particle size distribution analysis o f the powders was determ ined using a Sedigraph
5100 V 2.02 instrum ent from Fang D a Ceram ics Inc., Beijing, China, with the pow der
dispersed in dem ineralised water. The average particle size o f the pow der was taken from
the median value o f the particle size distribution map (see A ppendix II).

3.1.1 J . CHEMICAL AND IMPURITY ANALYSIS
The chem ical and im purity analyses o f the powders were perform ed in the School of
M aterial Science and Engineering o f T singhua U niversity, Beijing, China. X-ray
fluorescence (XRF) was used for all the analyses. The results are sum m arized in Table 31.
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Table 3-1. Sum m ary o f material related inform ation
No.

Material

Supplier

Purity

Used in
Experim ents

1

2

3 Y -Z r0 2

Z r0 2

A m erican Elem ent

Z r 0 2: 94.5% ; Y 2 0 3:

See Chapters

C orporation (USA)

5.2±0.2%

5, 6 , 8 , 9

A m erican Elem ent

Z r 0 2: 99.9% ;

See Chapters

C orporation (USA)

N a 2 O<0.01% ;

4, 6 ,7

Fe 2 0 3 <0.001% ;
SiO 2<0.015%
3

y 2o

3

A m erican Elem ent

99.9%

C orporation (USA)
4

a i2o

3

A m erican Elem ent

4, 6 ,7
99.9%

See Chapters
4 ,7

C orporation (USA)
5

See Chapters

M ullite

N orton D esm arquest

S i0 2: 29.5% ;

See Chapter

(3A l 2 0 3 * 2 S i0 2)

Fine Ceram ics (France)

A12 0 3: 70.4% ;

4

Fe 2 0 3 <0.01% ;
Na 2 0 + K 2 0 < 0.01% ;
6

C e02

N orton D esm arquest

99.99%

Fine C erm ics (France)
7

G e02

X ylon Ceram ic

6

99.99%

M aterial Inc. (USA)
8

La 2 0

3

A m erican Elem ent

Fe 2 0

3

A m erican Elem ent

99.99%

CuO

X ylon Ceram ic

99.99%

MgO

X ylon Ceram ic

See Chapter
6

99.99%

M aterial Inc. (USA)
11

See Chapter
6

C orporation (USA)
10

See Chapter
6

C orporation (USA)
9

See Chapter

See Chapter
6

99.99%

M aterial Inc. (USA)
i
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12

ZrN

Fang D a Ceram ics Inc.

93
See C hapter

99.9%

(China)
13

14

8

Graphite

Fang D a Ceram ics Inc.

Carbon: 99.5% ;

See C hapter

(C)

(China)

Sulphur<0.05%

8

Ethyl Silicate

Petrarch System Inc.

S i0 2: 28vol% ;

See C hapter

Solution

(USA)

M ullite: 15vol%

7

3.1.2. SAMPLE PREPARATION
3.I.2.I. Sample preparation for mechanical property tests
The zirconia and other oxide pow ders were m illed and uniaxially pressed at 20 M Pa in a
rectangular m ould (as shown in Fig. 3-1) to form rectangular specim ens 4m m by 5m m by
40m m and 4m m by 5m m by 52m m and then isostatically pressed at 150MPa. For
uniaxial pressing the mold was first lubricated with 3wt%

o f stearic acid in

trichloroethylene to help prevent lamination. Cold isostatically pressed sam ples were
contained within a thin latex rubber sheath to prevent contam ination from the com paction
fluid. The specim ens were then sintered at different tem peratures (1300-1700°C) for
different times in air (see Section 3.2.5 for more details). They w ere then cut, ground and
polished with different sizes o f diam ond paste (to a surface roughness o f <5nm to
elim inate any m ajor surface flaw s which m ight act as stress concentration sites, and also
to reduce friction which may occur between sam ple and loading rollers.) to a final
nom inal specim en dim ensions o f 3m m by 4m m by 36m m for the bending strength tests
and 3m m by 4m m by 50m m for the fracture toughness tests.
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< p

Fig.3-1. Schem atic o f m ould used for uniaxial pressing o f prism atic beams

3.I.2.2. Sample preparation for electrical field tests
Raw zirconia powders (the sam e zirconia pow der was used for all tests) containing
3mol% Y 2 O 3 were used and w ere uniaxially pressed at 150M Pa into pellets, 25m m in
diam eter and 3m m thick in a cylinder mould. The sam ples were then sintered at 1600°C
for 3 h in air and then ground and polished for the phase stability tests. A high sintering
tem perature o f 1600°C was intentionally used to obtain t-ZrOo with a relatively large
grain size, which is prone to phase transform ation and, thus low-tem perature degradation
during the electrical field tests.
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3.1.2.3. Sample preparation for surface roughness tests
As for the samples prepared for the electrical field tests, some pellets o f 4m m diam eter
and 4m m thickness were made and ground and polished with diam ond paste to attain a
surface roughness (Ra) o f less than 3nm (m easured by means o f a white light
interferometer). Such a roughness was believed to be low enough to observe any small
surface uplift due to the tetragonal —» m onoclinic transform ation during low temperature
degradation. Since residual stress relief annealing will change the surface roughness,
therefore, no annealing was done on these specim ens because it has been shown that
monoclinic phase transform ation and residual grinding stresses can be avoided by careful
polishing steps [282].

3.1.2.4. Sample preparation by solid diffusion method
The sintered samples with a m irror surface were further heat treated by a surface-doping
process in which the sintered sam ples o f 3Y -TZP were buried in: CeC >2 or GeCF powders,
pressed at 70 MPa, then calcined at 1400°C for 12 hours and 24 hours; LajO^ or Fe 2 0 3
powders, pressed at 70 M Pa, then calcined at 1500°C for 0.5 to 2 hours; CuO or M gO
powders at 1300°C (for CuO -doping) to 1500°C (for M gO-doping) for 0.5 to 2 hours; a
uniform ly m ixed pow der o f ZrN and graphite (with 0.5-1.0|im average size) at 1200°C to
1600°C for 2 to

8

hours; to form CeCF ,or GeCF, or La 2 C>3 ,or Fe 2 C>3 , or CuO, or M gO, or

carbon-nitrogen-stabilized surface layers by the solid diffusion method.

3.1.2.5. Sample preparation by gas diffusion method
Som e sintered samples with a m irror surface were further heat treated for 2 to

8

h at

either 1700°C under flow ing nitrogen gas or 1500°C under a carbon potential o f 1.0wt%
by liquid com pound dissipation from kerosene at high tem perature to form nitrogen- and
carbon-stabilized surface layers by the gas diffusion method.

3.1.2.6. Sample preparation by liquid infiltration method
A lthough several different m aterials have been produced and characterized by the
precursor infiltration m ethod [283-288], the infiltration process has still not been
adequately characterized. Soil researchers, who have long had a great interest in intrusion
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and flow o f liquids through granular beds [289,290], report that the infiltration o f dry,
porous m edia containing gas (e. g. air) occurs by two different mechanisms. First,
capillary pressure, Pc, (plus any applied pressure, Pa) will cause a wetting liquid to flow
into the granular m edia until the opposing internal pressure o f the com pressed gas, Pj,
becom es equal to the capillary pressure. Second, entrapped gas can diffuse through the
liquid from the interior where the pressure is higher to the surface; gas diffusion is driven
by its greater solubility at higher pressures.
In the first m echanism, the flow o f liquid into a porous m edia by capillary pressure is
described by D arcy’s law [291,292].

1/2

,

1/ 2

(3-1)

w here h is the distance o f liquid intruded during tim e t, K is the perm eability o f the
porous body, r\ is the viscosity o f the liquid, and P = P c + Pa - Pj. The capillary (Laplace)
pressure is given by
SS _ 2?/ c o s 0 _ 6 y c o s 0
SV~

re

(3-2)

“ D(l-p)

where the first equality is the general form o f L aplace’s equation, y is the surface energy
per unit area o f the liquid and 8S/5V is the change in wetted solid surface area o f the
porous com pact per change in volum e o f intruded liquid. W hen the porosity in the porous
com pact is modeled with equivalent capillaries o f radius re, 5S/5V =2cos0/re, where 0 is
the wetting angle. W hen the pow der com pact is modeled by identical sphere o f diam eter
D with a relative density p, it can be shown [292,293] that 5S/8V =6p/[D (l-p)]. The
expression for gas diffusion (and thus concurrent displacem ent o f gas by the liquid) is
given by Fick’s law [294, 295]
h = (2D gfiP,)U2t U2

(3-3)

w here h is the distance o f liquid intrusion w ithin a period o f t, D g is the diffusion
coefficient o f the gas within the liquid, (3 is H enry’s constant, and pi is the pressure o f the
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entrapped gas. Although both phenom ena are concurrent, the flow o f liquid due to
capillary pressure initially dom inates, whereas once the gas within the compact is
sufficiently compressed, gas diffusion dominates.
It was found that it was necessary to partially sinter the specimens at 1200°C before
infiltration to impart enough strength so that they could w ithstand the subsequent
processing steps [285, 296]. The procedures followed in fabricating surface modified
m ullite/A l 2 0 3 / 3 Y-TZP specim ens are shown in Fig. 3-2. The porous AI2 O 3 / 3 Y-TZP
com posites were infiltrated by im mersing them in an ethyl silicate solution. The depth o f
liquid penetration can be controlled by the length o f time that the specim ens are left in the
solution. The specimens were then sintered at 1600°C and 1700°C for 2.5 hours in air to
decom pose the infiltrant, bring about the mullite formation reaction, and densify the
specimens.

ETHYL SILICATE SOLUTION

INFILTRATED REGION

MULLITE/A20 3/3Y-TZP
SURFACE LAYER

-A*

ii

%

1
§

(1) Infiltration

Porous A20 3/3Y-TZP
(2) D ecom position

Dense A 2 O 3 / 3 Y-TZP
(3) Final Firing

Fig.3-2. Schematic diagram o f the processing procedures for surface infiltration o f
mullite into a alum ina/3Y-TZP com posite
For the present study, the m ullite content o f sintered bodies was determined and
calculated by measuring the w eight difference before infiltrating and after sintering and
assum ing complete reaction between SiC>2 and ALO3 to form mullite.
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3.2. SAMPLE TREATMENTS
3.2.1. HYDROTHERMAL TREATMENTS
3.2.1.1. Hydrothermal aging in water
Hydrothermal aging treatm ents in w ater were done in an autoclave apparatus consisting
o f a 2-litre pressure vessel, a furnace, tem perature controller, timer, pressure gauge and
power supply (as shown in Fig. 3-3). Samples were placed in the pressure vessel on a
stainless steel wire mesh screen that m inim ized obstacles to heat flow and maintained
uniformity throughout the test. The pressure was kept constant by varying the am ount o f
w ater placed in the vessel prior to the start o f the test.

Fig. 3-3 The autoclave apparatus used for hydrotherm al aging treatm ent

3.2.I.2. Hydrothermal aging in steam
Some low temperature hydrotherm al aging experim ents were carried out under the
various controlled humidity conditions using a tubular electric furnace. A schematic
diagram o f the apparatus is show n in Fig. 3-4. The sintered sam ples were annealed in a
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steam o f humid air with a flow rate o f 10 m L/min at 200°C for 400 hrs. The partial
pressure o f w ater was adjusted to different levels by bubbling air through distilled w ater
at 40°C. The experim ent at 1.2MPa o f w ater vapour pressure was carried out by putting
the sam ples into an evacuated sealed stainless steel tube. The sintered sam ples were
removed from the furnace at regular time intervals.

ifefc, 1

I-PUM P
3-FLOWMETER
5-RIBBO N HEATER
7-TRAP
9-GLASS CAP
I I -VOLT SLIDER

2-NEEDLE VA LV E
4-TEM PERATURE CONTROLLER
6-SATURATOR
8-STIRRER
10-FURNACE

Fig. 3-4 Schem atic diagram o f steam aging apparatus

3.2.2. HIGH STRENGTH ELECTRICAL FIELD TREATMENT
For the high strength electrical field treatm ent study, some specim ens, which were coated
with silver paste, were placed under an applied high strength electric field o f
0.2~3.2kV /m m in a furnace and heated in air from 50 to 400°C for 20hrs (see Fig. 3-5).
A fter the tests, the silver paste was stripped off by soaking the sam ples in nitric acid, and
the extent o f tetragonal —» m onoclinic phase transform ation on the sample surfaces in
contact with the anode and the cathode was exam ined using X-ray diffractom etry (XRD).
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Anode
Power

Furnace

Vdtammeter

Fig. 3-5 Schem atic diagram o f the electrical field treatm ent

3.2.3. OXIDATION TREATMENT
The high tem perature oxidation tests for surface-carburized 3Y -TZP was performed at
1500°C for 8 h in air. Phase analysis was carried out by X -ray diffraction techniques for
these samples after the oxidation treatment.

3.2.4.

CARBURIZING

TREATMENT

FOR

THE

REVERSE

TRANSFORMATION OF MONOCLINIC TO TETRAGONAL PHASE
Som e selected sam ples were annealed in a hydrotherm al corrosion environm ent (in an
autoclave with water) at 200°C at 1.2 M Pa up to 400 hours in order to produce the lowtem perature degradation o f 3Y-TZP. The low tem perature water-degraded 3Y-TZP
sam ples with a mirror surface w ere further heat treated by a carburizing process in which
the samples were buried in graphite pow der at 1200°C to 1600°C for 2 to 8 hours as
described in Section 3.1.2.4. A lso, the low tem perature water-degraded 3Y-TZP samples
were annealed at 1200°C in air only for 2hrs in order to com pare them with the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

EXPERIMENTAL METHODS

CHAPTER 3

101

carburizing treatment Then, the test for the low temperature degradation was performed
at 200°C in water at 1.2MPa up for to 400h for both the surface carburized and pure
annealed 3Y-TZP specim ens in order to com pare their stability. The details o f different
treatments are summarized in the flow chart given in Fig. 3-6.

3Y-TZP

Hydrothermal corrosion
t r e a t m e n t at w a t e r

Water-degraded
V
3Y- TZP
y

r
Surface carburizing
treatm e n t

Pure annealing
treatm e n t

Carburized
3Y-TZP

Annealed
3Y-TZP

L o w te m p e r a t u r e
degradation
t r e a t m e nt

\J

W ater-degraded
3Y-TZP

W ater-degraded
3Y- TZP

Fig. 3-6 Flow chart for the reverse transform ation study
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Table 3-2. Sum m ary o f sam ple preparation and treatm ent
TEST

MATERIALS

NO.

1

SINTERING

SINTERING

HYDROTHERMAL

TREATMENT

TREATMENT

TREATMENT

TREATMENT

TEMPERATURE

TIME

TREATMENT

PRESSURE

MEDIA

TYPE & ORDER

TIME

(°C)

(HOUR)

TEMPERATURE (°C)
Vacuum &

Low temperature treatment

80wt*7c 3Y-TZP and !0wt%

1500

Mullite and 10wt% alumina

1600

(HOUR)
Inhibition by

2.5

200

1.2MPa

Water

After sintering

144

bulk-doping

2.5

80,100,120,140,160

1.2MPa

Water

Low temperature treatment

2000

Transformation

method

1700
3Y-TZP

2

1600

NOTE

After sintering

kinetics
study

3

3Y-TZP and

2
2

1300

2^

200

1.2 MPa

Low temperature treatment

W ater

72

Inhibition by

3mo)% Y Oj + I0mol%CeO2

1400

After sintering and surface treatment

surface-doping

3mal% Y Oj+ 10rool&GeO2

1500

<1400°C & 12-24hrs>

method #1

3Y-TZP

1500

4

3

200

1.2MPa

Water

Low temperature treatment

450

Inhibition by
surface-doping

After surface treatment (1500°C & 0.5-2hrs)

method #2

3Y-TZP

5

6

1400

3

200

1.2MPa

W ater

Low temperature treatment

400

Inhibition by

1500

After surface treatment

surface-doping

1600

(1300*I500°C & 0.5-2hrs)

method #3

H0wt% 3Y-TZPand

1600

20wt% alumina and

1700

2^

200

1.2MPa

W ater

SIOj and Mullite

Low temperature treatment

144

Inhibition by

After infiltration treatment

surface-doping

(10 sec.-24 hrs)

method #4

(an ethyl silicate solution)
7

3Y-TZP

1600

3

200

1.2MPa

Water

Low temperature treatment

400

Inhibition by

After surface treatment

surface-doping

(Carburizing: I200-1600°C,2-8hrs)

method #5

(Nitriding: 1700°C.2-8hrs)
8

3Y-TZP

1600

3

200

1.2MPa

Water

Low temperature treatment

400

Reverse

After surface treatment

Transformation

(Carburizing: l ’ 00-1600°C,2-8hrs)

study

(Annealing: 1200°C,2hrs)
9

3Y-TZP

1600

3

200

1.2MPa

Water

Low temperature treatment

400

Inhibition by

After surface treatment

surface-doping

(Carburizing: 1200-1600°C,2-8hrs)

method #6

(Nitrfd/ng: 1200.1600°C by ZrN, 2-8 hrs)
(Nitriding: 1500°C by Nfr 2-8 hrs)
10

3Y-TZP

1600

3

N/A

N/A

Air

Electrical field treatment
After surface treatment

N/A

Electrical field effects
study

(Carburizing: 1500°C, 4 hrs)
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3.2.5. SUMMARY OF SAMPLE PREPARATION AND TREATMENTS
The preparation and treatm ent o f the various sam ples is sum m arized in Table 3-2.

3.3. CHARACTERISATION AND TEST TECHNIQUES
3.3.1. X-RAY DIFFRACTION (XRD)
3.3.1.1. Theory
The principle o f X-ray diffraction is based on the scattering o f X -ray beam s by atoms
[297]. W hen a X-ray photon collides with an atom, the electrons in the atom will be
subjected to the alternating electrom agnetic field o f the X -ray photon. This sets up an
electronic dipole that oscillates at the same frequency as the electrom agnetic field.
Charged particles such as electrons give out radiation when oscillating, this causes
electrons in the target atom to em it radiation. Radiation is em itted in all directions and
has the same wavelength as the incident X-rays. The final effect is alm ost as if the
incident beam has been scattered by the electrons, this process is know as Thom pson
scattering. The greater the w avelength o f the incident X -ray photon, the greater the
degree o f oscillation.
W hen a crystal scatters the incident X -ray beam, the scattered X -rays from all o f the
incident atoms in the crystal will interface w ith each other either constructively or
destructively.

There

is

zero

resultant

for destructive

interference.

Constructive

interference produces m easurable data w hich can be recorded, exam ples o f this can be
seen in the results section.

3.3.1.2. Bragg’s Law
XRD generally em ploys short wavelength x-rays, w hich are virtually m onochrom atic,
that is they have a single wave length. In a crystal, planes occur which are occupied by
atoms according to a regular pattern, and the x-rays will be either reflected or transm itted
at these planes.
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Fig.3-7 Representation o f the interaction o f x-rays with atoms in a crystal

Several layers o f atoms in a crystal structure are represented in Fig.3-7. The layers are
distanced d apart. It is assum ed that two incident waves strike the crystal at A and C. The
w ave which strikes the first layer at A will either be reflected or transm itted to a point C ’
in the second layer. The wave reflected from C interferes constructively at D D ’ with the
w ave w hich is transm itted from A and reflects at C ’ provided that A ’C ’B ’ is an integral
m ultiple o f the w avelength X o f the incident x-rays. U sing sim ple geom etry it can be seen
that
A ’C ’ = C ’B ’ = d sinG

(3-4)

B ragg’s law for constructive interference o f x-rays states for constructive interference
n^, = 2d sin0
w here n = the order o f diffraction (usually assum ed to be 1)
X = the w avelength o f the incident beam
d = the interplanar spacing
0 = the incident angle o f x-radiation
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3.3.I.3. Thin film (or glancing angle) mode
The depth o f transform ation o f the some TZP bar sam ples (used to investigate the effect
o f stress) was determ ined before and after hydrotherm al treatm ents in the thin film mode.
This m ode is achieved by em ploying parallel beam optics. The initial beam passes
through a narrow slit and irradiates the sam ple surface at a glancing angle. A diffracted
beam collim ator, consisting o f a set o f parallel plates is used to lim it the beam divergence
and define a parallel beam. This arrangem ent is em ployed when the normal focusing
arrangem ent can not be used due to the large difference between om ega and theta (see
Fig. 3-8). Unlike Bragg focusing geom etry that requires a flat sam ple, thin film geom etry
is not so sensitive to surface contours.
U sing this technique, low incident angles can be achieved. Low angle beam entry
prevents radiation from penetrating as deeply into the sample. As a consequence o f being
able to analyze surface layers, it was possible to determ ine the depth o f the monoclinic
transform ation layer.

D etector

Collim ator

Em itter

Sam ple

Fig. 3-8 A rrangem ent for thin film mode
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3.3.1.4. Determination of Monoclinic Volume Fraction
The fraction o f monoclinic phase on the surface in this dissertation was determ ined by
G arvie’s m ethod [298] as follows:

Xm =

[Im(l 11) + Im(l 11)] /

[Im( l l l ) + Im( l l l ) + I c ( lll) ]

(3-6)

where, Im(111) and Im(1 1 1 ) are the intensity o f the monoclinic (111) and (1 1 1 ) line,
Ic( l 11) is the intensity o f cubic (111) line in the X-ray diffraction pattern.

3.3.1.5. Experimental working conditions
X -ray diffractom etry equipm ent that was used in this research is M odel S-2400, w hich
was m ade by Hitachi, Tokyo, Japan. All X-ray tests had been done at Tsinghua
U niversity, Beijing, China w ith C u K a radiation for 20 = 10°-90°. The accelerating
voltage and current during the m easurem ents were 40kV and 20mA, respectively. For the
quantitative analysis o f the m -Zr 0 2 phase, a step-scanning m ode was applied in the 20
range o f 27°-36° with a step o f 0.05° for 50s at each step. The tetragonal and cubic
phases were further determ ined by step scanning for the 20 range of 12°-16°, w ith a step
o f 0.01° for 60s at each step. Positions o f all peaks were calibrated by using a silicon
standard.
The specifications for the X -ray diffraction analysis is sum m arized in Table 3-3.

Table. 3-3. Specifications for X-ray diffraction analysis
Radiation

Copper

Filter

Nickel

Voltage

40kV

Current

20 mA

M onochrom ator

No

D ivergence Slit

Autom atic

Irradiated Length,

12 mm

Receiving Slit,

0.1 mm
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Range tip width

0.04-1.00

M inimum significance

0.75

Scanning Speed

0.05750s, 27-36°; 0 .0 1760s, 72-76°

Step Width, Time

0.020, 0.50 over 27-36°; 0.005, 30.00 over 72-76°

3.3.2. ELECTRON PROBE MICROANALYSIS (EPMA)
Electron probe microanalysis (Model JXA-8900R, JEO L as shown in Fig. 3-9 from
Tsinghua University, Beijing, China) is basically a scanning electron microscope
designed and optim ized for X-ray analysis o f elements from very small areas. The JXA89 instrum ent that was used, is equipped with 4 wavelength dispersive X-ray
spectrom eters (WDS). It was used for the simultaneous analysis o f up to 12 elements plus
the collection o f image signals from the back scattered and secondary electron detectors.

Fig. 3-9 Picture o f EPMA equipm ent

3.3.3. ENERGY-DISPERSIVE SPECTROSCOPY (EDS)
Energy-dispersive spectroscopy (M odel EDS-PV9900, EDAX from Tsinghua University,
Beijing, China) was used in com bination with EPMA for quantitative analysis o f the Zr4+
and other cations.
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3.3.4. AUGER ELECTRON SPECTROSCOPY (AES)
Auger electron spectroscopy (as shown in Fig. 3-10, Model CN2013, Rigaku, Tokyo,
Japan from Tsinghua University, Beijing, China) was developed in the late 1960’s [299300] when ultra-high-vacuum technology became com mercially available, deriving its
name from Pierre A uger (a French physicist), who first observed the A uger effect while
working with X rays and using a W ilson cloud cham ber in the mid 1925 [301]. From that
time to nowadays, AES became one o f the most powerful analytical techniques for
surface analysis. It cannot be used to detect hydrogen or helium, but is sensitive to all
other elements, being most sensitive to the low atomic number elements.

Fig. 3-10 Picture o f an A uger electron spectrom eter

The analysis is conducted in a high vacuum environm ent (so that the electrons can travel
freely) where the sample is excited by a high energy electron beam (typically 5 kilovolts
and 20 microamps). These high energy electrons kick out core level electrons from atoms
on the surface o f sample as shown schematically in Fig. 3-11.
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Fig. 3-11 Schematic representation o f an AES experim ent with a retarding field analyzer

A popular method o f looking at buried layers with AES is to use the technique in
com bination with sputter cleaning. N orm ally, when a sample is brought into the UHV
environm ent from the air, it will be coated and the coated material has to be removed
(usually by sputtering) before the clean surface can be investigated. Sputtering involves
directing a beam o f ions (usually A r ions) at between 500 eV and 5keV at the sample. In
the application o f AES on this dissertation, the AES line scan was performed from the
surface to the bulk in the polished sample after surface cabonitriding treatment. In order
to remove the hydrocarbon contam ination from the sample after cross-sectioning and
polishing, the polished section was sputtered with Ar ion gun with a large raster size
before scanning to determine the concentration o f carbon and nitrogen at the surface
m odified zone.

3.3.5. WHITE LIGHT INTERFEROMETER (WLI)
3.3.5.I. Background
The first interferometery instrum ents were developed in the early 1930’s [302]. The
initial measurements these instrum ents could provide were peak to valley height
inform ation. The developm ent o f analogue instrum ents soon after, enabled average
roughness param eters profiles to be calculated. During the late 1960’s surface analysis
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made m ajor advances due to the advent o f digital com puters, hence a range o f num erical
param eters which describe surface roughness could be determ ined. In 1991 a conference,
entitled “The Properties and M etrology o f Engineering Surfaces” brought together
leading researchers in the field and produced standards for surface texture m easurem ents
[303]. As a result of the proceedings, a significant and fundam ental shift in research and
industrial interest was made tow ards 3-dim ensional surface measurem ents.

3.3.5.2. Instrumentation
The three-dim ensional optical m easurem ent system , which was m ounted on a spring
system housed in the building basem ent (School o f M aterials Science and Engineering,
Tsinghua U niversity, Beijing China) was used for analysis o f the hydrotherm al treated
TZP samples. The clean room was suspended from the main foundations o f the building
and was com pletely isolated from the equipm ent floor, to reduce or elim inate vibration.
The room tem perature was m aintained at 20°C±1°C and the hum idity at 50% ±5% , 3500
cubic m eters o f air is handled per hour at a rate o f 20 changes per hour. All o f which
enabled the clean room to achieve the required standard.
Investigation o f the 3Y -TZP bar samples were conducted using a white light
interferom eter which em ploys the same operating principles.
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Fig. 3-12 Schem atic representation o f a phase shifting interferom etric type surface
m easurem ent system
W LI instrum ents are currently produced w hich utilize the phase shifting technique as
shown in a schematic diagram in Fig. 3-12.
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3.3.5.3. Sample analysis
The surface nucleation and

topography o f all tested sam ples before and after

hydrotherm al treatments at different tem peratures was m easured using w hite light
interferometer. The im ages recorded highlighted surface topography for areas of
600x500|im .

3.3.6. SCANNING ELECTRON MICROSCOPY (SEM)
A SEM works on the principle that when a prim ary electron beam interacts with a
sample, secondary electrons, back scattered electrons and X -rays are produced. The
secondary electrons form an im age that is sensitive to surface topography w hereas back
scattered electron images show variation in com position. The X -rays are characteristic of
the elements present in the sample. Q uantitative inform ation may only be obtained when
the area to be analyzed is larger than the beam size (also bearing in mind the beam
penetration and the depth o f the particle). SEM was also used to determ ine the average
grain size by the line intercept m ethod [304, 305]. M odel JSM -5600, JEOL, Tokyo, Japan
from D epartm ent of Chem istry, Tsinghua University, B eijing China, was used in this
study. The specim ens w ere placed in the low er cham ber o f the SEM which was operated
at 25kV, at a working distance o f 48m m . Specim ens to be exam ined by SEM were firstly
therm ally etched, stuck on to an alum inium stub, and then coated with a gold/palladium
conductive layer to prevent charging in the microscope. Silver paint was also applied
around the base o f the specim en as a further precaution against charging.

3.3.7. TRANSMISSION ELECTRON MICROSCOPY (TEM)
The crystalline phases o f som e specim ens w ere determ ined via the selected-area electron
diffraction (SAED) analysis, using TEM equipm ent. Precise m icrodiffraction and
microanalysis

experim ents

w ere

undertaken

on

M odel

CM 30,

Philip

Research

laboratories, Eindhoven, The N etherlands at the D epartm ent o f Chem istry, Tsinghua
U niversity, Beijing China, operated at 200kV, w hich is capable o f m inim um probe size o f
ln m and has a point resolution o f 0.19nm. TEM was also used on thinned specim ens to
study the m icrostructures. Specim ens for TEM analysis were prepared by ultrasonic
drilling 3m m discs from the specim ens w hich were then ground down to 100(im, and
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dim pled to give a central region with thickness o f ~30jim. The discs were then ion beam
milled with argon ions that w ere accelerated at a voltage o f 6keV, with an initial angle of
15° and then 12°. All analyse w ere perform ed in the thinnest areas o f the specim ens,
which ensured that the effects o f overlaying grains were minimized. A cold trap on the
diffusion pum p was used throughout in order to m inim ize silicon contam ination during
thinning. Prior to exam ination in the TEM , a thin carbon coating was applied to both
sides o f the sample.

3.3.8.

SINTERED

DENSITY

DETERMINATION

ACCORDING

TO

ARCHIMEDES PRINCIPLE

3.3.8.I. Water Immersion
A more accurate, and safer technique than im m ersion in mercury, is to im m erse the
sample in water. The procedure, based upon established experim ental m ethod [306], is
described as follows:
i)

The dry w eight o f the sam ple is noted,

ii)

A perforated glass dish, im m ersed in w ater containing a w etting agent, is
suspended from a balance using very fine nylon line.

iii)

The balance is zeroed, the sample placed on the dish in the w ater and the
reading from the balance noted.

iv)

The m easurem ent is repeated several tim es until a constant reading

is

obtained.
If
W i = w eight o f sam ple in air,
W 2 = the w eight o f the sam ple in water, and
p = the density o f w ater at the test temperature.
Then the bulk density o f the sintered sample, ps, is given by:
ps= W 1x p /( W ,- W 2)

(3-7)

for sintered samples with densities in excess o f 92% theoretical (pore networks have
becom e closed [306]).
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For safety reasons, the w ater im m ersion m ethod was used at 22°C. The tests were
conducted at the M etallurgical Laboratory, Unim otion-G ear, A urora, Canada.

3.3.9. AVERAGE GRAIN SIZE DETERMINATION
T he average grain size o f the sintered, polished and therm ally etched ceram ics was
determ ined using a linear intercept m ethod developm ent by Fullm an [304] and m odified
by M endelson [305] for tetrahedral shaped grain having a lognorm al distribution. This
technique is generally used for fully dense ceram ics with grain sizes above 50nm [307].
The average grain size is calculated according to [305]:
D = 1.56L

(3-8)

where D is the norm alising constant (the average grain size distribution) and L is the
average intercept length over a large num ber o f grains as m easured on the polished plane.
The average intercept length w as determ ined on random ly selected scanning electron
micrographs o f suitable m agnification using an international test pattern for intercept
counting [308].

3.3.10. MECHANICAL PROPERTIES DETERMINATION

3.3.10.1. Three-point-bending equipment and test conditions
The bending strength, Of, was carried out on an IN STRON com pression/tension testing
machine (operating in the com pression mode) at the School o f M aterials Science and
Engineering, Tsinghua U niversity, Beijing China. The test was conducted by 3-point
bending tests with a span o f 30 m m and a cross-head speed o f 0.5 mm /min. Loading was
continued until the sam ple fracture occurred. Three-point bending configuration with an
assum ption o f zero friction is show n in Fig. 3-13.
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Compression
surface

mmm

Tension surface

Fig. 3-13 The three-point bend configuration with the assum ption o f zero friction
The bending strength to fracture in each case was then calculated using the following
equation:
3 PS

(3-9)

CTr = 2 ( B D 2)

where P is the load to fracture, S is the span length, B and D are the breadth and depth
respectively. This equation assum es that fracture occurs at m id-span directly below the
central roller. It is appreciated that less than

6

tests are insufficient to obtain an accurate

value o f the fracture stress, therefore, the mean value from as many as 9 tests is used for
this study in order to obtain the accurate results.

3.3.10.2. Four-point-bending equipment and test conditions for fracture toughness
3.3.10.2.1. Instrumentation
All specim ens were loaded in a four-point bending (m ajor span Si=38m m , m inor span
S 2 = 12.5mm) using a 4550 kg (10000 pound) capacity IN STRO N testing machine at the
School of M aterials Science and Engineering, Tsinghua U niversity, Beijing China.
M achine cross-head speed was 0.05 mm /min. The load was recorded as a function of
machine cross-head displacem ent.
The test fixture was designed to allow the support rollers (m ajor span) and load rollers
(m inor span) to roll freely as the specim en was loaded.

A cone-shaped loading head
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transm itted the load uniform ly to the load rollers, and thence to the specimen. The
loading head and specim en w ere positioned precisely using an alignm ent jig that was
rem oved from the load fixture after a small preload was applied.
The fracture toughness, Kic, was evaluated by the chevron-notched beam techniques. The
chevron notches were m achined with a 0.25-m m -thick diam ond-coated wire saw. The
notched specim ens were annealed at 1000°C in air for 1.5 hours to relieve the residual
stress introduced by the saw.

3.3.10.2.2. Background
Notch preparation is critical in the determ ination o f the plane-strain fracture toughness
Kic o f brittle m aterials with straight-through notched bend specim ens. Notches are
com m only produced in these m aterials by abrasive cutting with thin diam ond wheels or
with diam ond-coated wires. M easured “Kic” values decreases with decreasing slot width
[309-314]. Below a critical slot width N c (or the notch radius pc), “Kic” is constant and
presum ably equal to the plane-strain fracture toughness that would be obtained from
specim ens with sharp cracks [309-313]. The critical notch radius (one-half the critical slot
width) seem s to depend on the material. In this regard Claussen et al. [314] recom mend
that the notch radius be lim ited to 25pm for a valid determ ination o f Kic. It should be
recognized, however, that the slotting procedure can affect the critical slot width [311].
Starter cracks can be produced by therm al shocks [312,315,316] or by wedge loading o f a
pre-m achined notch [312,317-320]. Problem s with these methods are reproducibility and
m easurem ent o f the starter-crack length. These problem s are avoided with a specimen
developed by Barker [321-323], which features a chevron notch m achined into a short
rod o f circular cross section or into a short bar o f rectangular cross section. On loading, a
crack initiates at the tip o f the triangular notch. For the case where the crack propagates at
a constant stress intensity factor Kic (flat crack-grow th resistance curve), the load
m axim um occurs for a given specim en geom etry at the sam e relative crack length
independent o f the m aterial.
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Four-point-bend specimens with chevron notches have been used before in work-offracture studies [324, 325]. They were used to obtain stable crack extension and to
determ ine the work o f fracture from the recorded load vs displacem ent curve and,
subsequently, the effective surface energy by dividing the work o f fracture by the fracture
area. This method was not always successful because it was difficult to obtain stable
crack extension. Also, the determ ined effective surface-energy values often differed from
the surface energy determ ined with usual fracture-m echanics specim ens [310, 326-329].
Kleinlein and H uebner [330] used four-point-bend specim ens with a chevron starter
notch. A fter the advance crack passed the chevron notch, crack resistance was calculated
from the load and displacement.

3.3.10.2.3. Stress Intensity Factor for a Specimen with a Chevron Notch
A four-point-bend specim en with a chevron notch is characterized by the dim ensions
shown in Fig. 3-14 : thickness B, width W , m ajor and m inor span S| and S 2 , notch
lengths ao and ai, and notch angles 0. The length o f the crack front b at crack length a is
b = B [(a-ao)/ (ai-ao)] = B [(a- a 0)/ (a 1- a 0)]

(3-10)

where a=a/W .
The relationship between load P and fracture toughness Kic is obtained by considering
the available and the necessary energies for crack propagation. The available energy for
the extension of the crack by Aa is
AU = (P 2 / 2W )(dCtr / da) Aa

(3-11)

where Ctr is the com pliance o f the specim en with a trapezoidal crack front (Fig. 3-14).
Extending the crack by the increm ent Aa increases the crack area by AA = bAa. The
necessary energy for crack extension is

A W = Gic bAa = (K I C 2 / E ’) bAa
with E ’ = E for plane stress and E ’ = E / (1-v2) for plane strain.
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D uring extension of the crack, AU = A W , leading to

K,c = P

\ d C trld a )E '~ 1,2
2 Wb

P
By/W

1 d C lr a , - a 0
2 da

1/2

a -a 0

(3-13)

w here Ctr = E ’BCtr is the dim ensionless com pliance. The term in brackets
Y* = {1/2 (dC ,/ /d a ) [ ( a a „ ) /(a- a

0 ) ] } 1/2

(3-14)

first decreases with increasing crack extension and then increases after reaching a
m inim um value. M axim um load occurs at the m inim um value o f Y*.
To calculate Kic from m axim um load Pmaxi the com pliance function o f the specim en with
the chevron notch must be know n. As a first approxim ation it can be assum ed that, for a
specim en with a chevron notch, the derivative o f the com pliance with respect to a,
(dCtr/d a), is the same as that for a specim en with a straight-through crack, (dC /da). This
assum ption is referred to as the straight-through crack assum ption (STCA). For the
double-cantilever-loaded short-bar specim en with a square cross section, this assum ption
leads to satisfactory results [331].
For a specim en with a straight-through crack subjected to pure bending, the stress
intensity factor from [332] is:

B jW

B-J w

W

2(1 - a )

3/ 2

(3-15)

where

r M =1.9887- 1.326ct-

(3.49 - 0 .6 8 a + 1 .3 5 a 2 )or(l - a )

(1 + a ) 2

F o r 0 < a < 1.
U sing the relation for a straight-through crack,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(3-16)

EXPERIMENTAL METHODS

CHAPTER 3
dC ’/d a = 2Y 2

119
(3-17)

Eqs. (3-13) and (3-14) can be w ritten as

KiC= (P/b Vw )Y[(a,- a 0) /(a- a 0)]1/2

(3-18)

Y* = Y [(a i- a 0) /(a- a 0)]1/2

(3-19)

and

The straight-through-crack com pliance can be used for the chevron-notch specim en in a
m ore refined w ay using an approach offered by B luhm [333,334]. Typically, when a
specim en w ith a chevron notch is loaded, a crack initiates at the tip o f the triangle
producing a crack front o f length b (Fig. 3-14). Bluhm divides the specim en with its
trapezoidal crack/notch into n slices o f uniform thickness Az, i.e. m slices in the straightthrough portion o f the trapezoid, and (n-m) slices in the tapered portion. As shown in
A ppendix HI, Ctr can be expressed in term o f the com pliance o f the slices as

a -a n
= (

1

C{ a)

(3-20)
n

C(f)

w here k is an interlam inar shear factor and C (a) and C(£) are the slice com pliances
(D eveloped in A ppendix ID).
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Bluhm used his approach for a param etric study o f the stability o f the w ork-of-fracture
specimen o f Tattersall and Tappin [325]. By applying Eq. (3-13), B luhm ’s slice model
can also be used for Kic calculations from m axim um load.

Load roller

Support roller

AZ

555

Notch plane section

Fig. 3-14 The four-point bend configuration with the assum ption o f zero friction
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CHAPTER 4

COMBINED EFFECTS OF MULLITE AND ALUMINA BY BULKDOPING
4.1. INTRODUCTION
A num ber o f attempts have been made to inhibit the low tem perature environm ental
degradation phenom enon o f Y-TZP [162, 186, 232, 233, 239]. It has been found that the
addition o f AI2 O 3 to Y -TZP effectively suppresses low tem perature environm ental
degradation [186, 239]. Since AI2O3 has a higher elastic m odulus and hardness and AI2O3
pow der is generally much less expensive than ZrCh pow der [335], the addition o f AI2 O 3
into Y-TZP is very attractive from an industrial point o f view. H owever, the incorporation
o f AI2O3 decrease the fracture toughness o f Y -TZP ceramics [234].
As m entioned in literature review (section 2.9.1), Fujii et al [248, 249] found that the insitu form ation o f C e-TZP/A ^C V LB A (Lanthanum -P-alum inate, LaA lnO ig) com posites
during sintering is a prom ising m ethod to im prove the fracture strength o f Ce-TZP
w ithout reducing the high fracture toughness (see Table 2-12) by dispersing plate-like
lanthanum -P-alum inate grains. However, the hom ogeneous dispersion o f plate-like
lanthanum -P-alum inate will unavoidably bring new processing problem s. It is know n that
elongated or acicular m ullite (Al 2 0 3 +Si 0 2 ) grains can be partially or fully and
hom ogeneously developed in situ using certain sintering conditions (by a higher sintering
tem perature above 1600°C). In this chapter, the com bined effects o f elongated m ullite
grains and equiaxed alum ina grains on the stability and mechanical properties o f a Y -TZP
ceram ic in a hydrotherm al corrosion environm ent were investigated.

4.2. RESULTS AND DISCUSSION
80wt% co-precipited zirconia pow ders containing 3mol% Y 2 O 3 (3Y-TZP) and 10wt%
m ullite and 10wt% alum ina w ere m illed and uniaxially pressed at 20 M Pa in a rectangular
m old to form rectangular specim ens 4m m by 5m m by 40m m and 4m m by 5m m by
52m m . The specim ens were then isostatically pressed and sintered at 1500°C, 1600°C,
1700°C for 2.5 hours in air. They were then cut, ground and polished to a final specim en
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sizes o f 3mm by 4mm by 36mm for the bending strength tests and 3mm by 4mm by
50mm for the fracture toughness tests.
A typical microstructure o f 3Y -TZP/M ullite-A lum ina com posite when sintered at 1500°C
is shown in Fig. 4-1. The relative density and average grain sizes and average aspect ratio
o f the 3Y -TZP/M ullite-Alum ina com posite sam ples treated by the different methods are
sum m arized in Table 4-1.
The densities o f the 3Y -TZP/M ullite-Alum ina com posites increased slightly as the
sintering tem perature increases. Also, relatively larger average grain sizes and aspect
ratios w ere observed at higher sintering tem peratures for the alum ina and the TZP grains,
as well as for the elongated m ullite grains. An increase in grain size with increasing
sintering tem perature is not surprising and is typically observed [336].

Zirconia

M ullite

Alumina

Fig. 4-1 SEM micrograph o f the typical m icrostructure o f 3Y -TZP/M ullite-Alum ina
com posite when sintered at 1500°C (elongated grains are mullite, both alumina and
zirconia grains are equiaxed.)
The effects o f the exposure time in vacuum or a hydrotherm al environm ent on the
m onoclinic phase content are shown in Figs.4-2 and 4-3, respectively.
In contrast to 3Y-TZP [181, 337], which shows poor resistance to hydrothermal corrosion
(more m -phase is formed), 3Y -TZP/M ullite-A lum ina com posites all show good resistance
to vacuum and hydrotherm al corrosion for all sintering temperatures. The slightly higher
am ount o f m-phase in com posites sintered at higher temperature (1700°C) than those
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sintered at low er temperature (1500°C) may result from their larger grain sizes as shown
in Table 4-1.

T able 4-1 Relative density and average grain size and aspect ratio for differently treated
sam ples o f 3Y -TZP/M ullite-Alum ina com posite______________________________________
M ethod o f treatment

Sintered 1500°C

Sintered 1600°C

Sintered 1700°C

Relative density (%)

99.2

99.4

99.7

0.9±0.13

1.8±0.17

3.2±0.15

1.5:1

3.5:1

5.5:1

G rain size (pm)
(alum ina and TZP)
A spect ratio
(for m ullite only)

30

i— Composite sintered at 150CPC
y— Composite sintered at 160CPC
'— Composite sintered at 170tfC
f — 3Y-TZP
20

CL.

10

Oi
Exposure time, (h)

Fig. 4-2 Comparison o f m -phase content for 3Y -TZP and 3Y -TZP/M ullite-A lum ina
com posites after treatm ent in vacuum at 200°C and 1.2MPa. D ata for 3 Y-TZP were taken
from Ref. 181.
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—□— Composite sintered at 150CPC
—o— Composite sintered at 160CfC
—A— Composite sintered at 170CPC
—V— 3 Y-TZP

Exposure time, (h)

Fig. 4-3 C om parison o f m -phase content for 3Y-TZP and 3Y -TZP/M ullite-A lum ina
com posites after hydrotherm al treatm ent at 200°C and 1.2MPa. D ata for 3Y-TZP were
taken from Ref. 337.
Lange [122] proposed (see literature review in section 2.5.1) that the free energy change
o f transform ation tetragonal —> m onoclinic, equals to the sum o f the chem ical free energy
change, the strain free energy change, and the surface free energy change from the
tetragonal phase to the m onoclinic phase. AUS will be decreased due to the larger grain
size, and thus the free energy change for the transform ation tetragonal —» m onoclinic is
correspondingly increased. T hat will lead to the slightly higher am ount o f m -phase
form ed in the com posites sintered at 1700°C than the com posites sintered at 1600°C or
1500°C.
The differences in bending strengths o f 3Y -TZP/M ullite-A lum ina com posites before and
after hydrotherm al corrosion are shown in Fig.4-4.
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-

CD

0

3Y-TZP

Com posite Com posite Composite
sintered at sintered at sintered at
15 0 0 °C

160 0°C

1700°C

Pre-hydrothermal corrosion treatment

Fig. 4-4 Bending strengths before and after hydrotherm al corrosion at 200°C and 1.2MPa
o f sam ples initially sintered at different tem peratures
Due to the higher Y oung’s m odulus and the dispersion effects o f A EO 3 , the bending
strength o f 3Y -TZP/M ullite-A lum ina com posites w ere slightly increased com pared to
3Y -TZP even before hydrotherm al corrosion in hot water. A lthough the initial strength o f
3Y-TZP is high enough for com m ercial application, the low strength o f 3Y -TZP after
hydrotherm al corrosion precludes its potential application in hydrotherm al environm ents.
There is very little, or no, further degradation by hydrotherm al corrosion for the 3YTZP/M ullite-A lum ina

com posites,

thus

dem onstrating

their

high
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degradation. The slight decrease in bending strength o f com posites sintered at higher
tem peratures can be attributed to grain growth.
The fracture toughness o f 3Y -TZP/M ullite-A lum ina com posites before and after
hydrotherm al corrosion is shown in Fig.4-5. A lthough the fracture toughness o f 3YTZP/M ullite-A lum ina com posites decreases som ew hat after hydrotherm al corrosion, they
remain as tough, or tougher, than non-annealed 3Y-TZP.
The superior resistance o f 3Y -TZP/M ullite-A lum ina com posites to hydrotherm al
corrosion can first be attributed to the contributions o f AI 2 O 3 . D ue to its higher Y oung’s
m odulus (about 390 G Pa[335]), AUse will be increased with the addition o f AI2 O 3 : see
equations (2-17, 2-18). The results o f EPM A analysis o f the grain-boundary fracture
surfaces o f 3Y -TZP/M ullite-A lum ina com posites from this research show that A1 can be
detected. H owever, A1 has seldom been detected on polished specim en surfaces o f 3YTZP/M ullite-A lum ina com posites. Furtherm ore, an enrichm ent o f Y 2 O 3 at the fractured
grain boundaries has also been observed. The relative percentage o f chem ical elements
detected at different locations in this research is sum m arized in Table 4-2. Ruhle et al.
[338] found that a certain com pound or phase o f ZrCb-A^C^ and/or Zr 0 2 -Al 2 0 3 -Si 0

2

(the

starting m ullite pow der contains SiC>2 ) may form at grain boundaries since the am orphous
grain boundary phase often contains Y 2 O 3 , AI 2 O 3 , and SiC>2 for those com posites. It is
shown that the formation o f the phase containing Y 2 O 3 , AI 2 O 3 , and SiC>2 at the grain
boundaries usually induces a much stronger cohesion betw een grains than that between
grains in 3Y -TZP [339]. Thus, the increase o f Y 2 O 3 , AI 2 O 3 will enhance the grain
bonding in 3Y-TZP. T he increased cohesion betw een grains in 3Y -TZP containing AI 2 O 3
will give rise to a constraining effect from the surrounding m atrix which prevents the
form ation o f the monoclinic phase except at the specim en surface. Therefore, it is
believed that AI 2 O 3 segregation at grain boundaries m ight be one o f the reasons that
degradation is inhibited.

R e p ro d u c e d with p e rm issio n o f th e co p y rig h t o w n er. F u rth e r re p ro d u c tio n p ro h ib ite d w ith o u t p e rm issio n .

CHAPTER 4

127

COMBINED EFFECTS O F M U LLITE AND ALUMINA BY BULK-DOPING

14
□ Before hydrotherm al corrosion
■ After hydrotherm al corrosion

12

10
CL

CO

tn
<u

8

f

c
£
O)
3
O
•*-«
£

3o
a

u.

0

3Y-TZP

Composite
sintered at
1500°C
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1600°C
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1700°C

Pre-hydrothermal corrosion treatment
Fig. 4-5 Fracture toughness before and after hydrotherm al corrosion at 200°C and
1.2MPa o f sam ples initially sintered at different tem peratures

Table 4-2 The relative percentage o f chem ical elem ents detected on the surface o f
sam ples by EPM A analysis_________________________________________________________
Zr (%)
A l (%)
Si (%)
Y (%)
On fractured grain boundaries

61

18

15

6

On polished surface

85

0

9

6

In addition, Li et al. [340] found that the form ation o f A l(O H ) 3 is much m ore likely than
Y (O H ) 3 since Y (O H ) 3 needs higher pressures than A l(O H ) 3 . The solubility o f A l(O H ) 3 in
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w ater or basic solutions (pH 7.2-9.3) is also very limited as found by H irata et al. [341].
No detectable A l(O H ) 3 was found in the distilled w ater in this study after hydrotherm al
treatm ent for 144hrs. Therefore, the surface o f 3Y -TZP/M ullite-A lum ina com posites
m ight be protected from further attack by w ater by the preferential form ation o f A l(O H ) 3
in the hydrotherm al corrosion environm ent. As a result, the transform ation upon
hydrotherm al corrosion is suppressed at the early stages.

4.3. Toughening mechanisms
In order to explain the toughening contribution o f alum ina and mullite, all potential
toughening m echanism s m ust be considered. In general, the overall change in the fracture
toughness, AKic, can be described as[335]:
AKic = AKic (phase transform ation) + AKIC (dispersion toughening)

(4-1)

The change in the m agnitude o f phase transform ation toughening due to the alum ina
(much higher Y oung’s m odulus than 3Y-TZP) addition should be taken into account
because the stress-induced phase transform ation toughening depends on Y oung’s
modulus. However, the change in the fracture toughness due to a 10wt% alum ina addition
calculated by Li et al. [335] ranged from -0 .1 0 to -0 .1 4 M Pa»m 1/2. Therefore, the effects
o f the additions o f alum ina and m ullite on the fracture toughness can not be explained by
the phase transform ation m echanism . The second part o f equation (4-1) can be expressed
as follows [11,335]:
AKic(dispersion toughening)=AKic(crack deflection)+AKic(grain bridging)

(4-2)

w here AKic(crack deflection) and AKic(grain bridging) can be further expressed as
follow s [ 1 1 ,

2 2

]:

AKic(crack deflection) = AKic(geometrical effect)+AKic(matrix stress)

(4-3)

AKic(grain bridging) = 2.5f EAaATR 0

(4-4)

5

w here f is volum e fraction o f the second phase, E is Y oung’s m odulus o f the second
phase, R is the reinforcem ent radius (in this study, it is the radius o f alum ina and m ullite),
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Act and AT are the change o f linear thermal expansion coefficient and temperature,
respectively. Thus the total contribution o f grain bridging to fracture toughness for
alumina and mullite is calculated as 0.35M Pam l / 2 (at 1500°C), 0.74M Pam l / 2 (at 1600°C),
1.3M Pam l / 2 (at 1700°C), respectively, when the related data [335] (includes the effect o f
particle sizes o f AI2 O 3 on fracture toughness) for a

10

wt% addition are substituted into

the respective equations. A m acro-view by SEM o f 3Y -TZP/M ullite-Alum ina com posite
showing the phenom enon o f crack-debonding, deflection and bridging by elongated
mullite grains is given in Fig. 4-6.

Grain-bridging
Crack-deflection

Crack-debonding

Fig. 4-6 SEM m acrograph o f 3Y -TZP/M ullite-Alum ina com posite showing the
phenom enon o f crack-bridging, deflection and debonding by elongated mullite grains

The AKic(geometrical effect) and AKic(matrix stress) calculated by Li el r//.[335] for
10wt% alum ina additions are only 0.71 and -0 .3 2 M P am 1/2, respectively. If the effect o f
elongated mullite is considered, then equation (4-3) can be expressed as: [11]
AKic(crack deflection)= AKic(geometrical effect) + AKic(matrix stress)
= AK|c(grain debonding) + AKic(grain pull-out)
+ AKic (matrix stress)
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The AKic (matrix stress) term can be neglected since the difference o f Y oung’s modulus
between 3Y-TZP and mullite is very small. The same applies to the AKic (grain pull-out)
term, since elongated grain pullout does not contribute to toughness because nonaligned
elongated grains (as shown in Figs. 4-1. 4-6) o f mullite clearly suppress pullout by virtue
o f bending strains in the reinforcem ents that encourage fracture near the matrix crack
plane as suggested by Evans [11]. Therefore, the main contribution o f the elongated
mullite grains is to the AKic (grain debonding) term. To interpret this term , it is essential
to appreciate that the debonding length, d, depends on the interface fracture energy, the
misfit strain and the friction coefficient. However, the associated relationship has not
been developed [11]. Despite this, because grain pullout does not contribute to
toughening in many w hisker or elongated grain reinforced ceramics, the elastic energy
and debonding energy terms tend to govern the fracture resistance [11]. A micro-view by
SEM o f 3Y -TZP/M ullite-Alum ina com posite showing the phenom enon o f crackdebonding, deflection and bridging by elongated m ullite grains is shown in Fig. 4-7. and
Fig. 4-8.

Grainbridging

Crackdebonding
Crackdeflection

Fig. 4-7 M icro-view by SEM o f 3Y -TZP/M ullite-A lum ina com posite showing the
phenom enon o f crack-debonding, deflection and bridging by elongated m ullite grains
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Fig. 4-8 Localized enlarged view o f crack-debonding by m echanical interlocking and
friction o f elongated m ullite grains o f 3Y -TZP/M ullite-A lum ina com posite during crack
propagation.

Thus, if we assume that there is no interaction between the main toughening m echanism s,
the contribution of the elongated m ullite grains due to grain debonding for the different
sintering tem peratures can be calculated using the following equation:

AKicMulllte(grain debonding) = AK[C* - AK[CTotal(phase transform ation)
- AKic TotaI(grain bridging)
- AKicAI2° 3(geom etrical effect)
- AKic AI203(m atrix stress)

(4-6)

w here AKic* is the difference in experim ental results betw een the com posites and 3YTZP before annealing (as shown in Fig. 4-5). Substituting the corresponding values into
equation (4-6) for the 1500°C com posite, we obtain:

AKicMulli,e(grain debonding) = (9.2-8.5) - (-0 .1 4 ) - (0.35) - (0.71) - (-0 .3 2 )
= 0.10 M Pa«m 1/2
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(C)

Fig. 4-9 Evolution o f main toughening m echanism s (grain-bridging, crack deflection,
crack friction and crack debonding) in 3Y -TZP/M ullite-Alum ina com posite during crack
propagation at different degrees o f crack opening.
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Sim ilar calculations for com posites sintered at other tem peratures, give values o f
1.21M Pam l / 2 at 1600°C and 2.35M P am l / 2 at 1700°C. Thus as the sintering temperature
increases, the aspect ratio o f the m ullite grains increases, the debonding length increases
and the toughness increases.
Crack deflection occurs when the propagating crack changes its direction at second phase
particles with physical properties different from the matrix. The evolution o f other main
toughening m echanism s (crack-bridging, crack friction and crack debonding, etc.) in 3YTZP/M ullite-A lum ina com posite during crack propagation at different degrees o f crack
opening is shown in Fig. 4-9. T he efficiency o f all these types o f toughening depends to a
large extent on the volum e fraction, shape, and orientation o f the toughening elements,
but also on the grain boundary strength and on the therm al expansion coefficient and
elastic m odulus ratios o f the m atrix to the toughening phase. A ccording to Faber and
Evans[342], a rem arkable toughness increase is achievable by local m isalignm ent o f the
instantaneous crack front and by changes o f the local stress intensity factor at the crack
tip. Seshadri et al.[343] show ed that significantly low er toughening should be expected
from crack deflection than suggested by Faber and Evans, since the deflection angles are
overestim ated in the latter’s m odel. Pezzotti[344] studied the effectiveness of crack
deflection in a brittle m atrix com posite reinforced by high aspect ratio platelets.
A ccording to these results, no appreciable toughening can be obtained from the local
geometrical m isalignm ent o f crack front, even in the case o f increase aspect ratio or
volum e fraction o f second phase. It hence appears that small scale deflection is related
only phenonm enologically to toughening and that it may play an im portant role only as a
precursor o f other m echanism s such as frictional, m echanical interlocking, debonding
between the separated fracture surfaces or elongated grain bridging. Therefore, the
debonding was considered as a m ajor toughening contribution from our study is
reasonable.

4.4. SUMMARY
The introduction of both m ullite and alum ina into 3Y-TZP was found to be effective in
suppressing the t—»m transform ation induced by w ater during annealing thus giving rise
to better mechanical properties. The beneficial effects o f alum ina on the phase stability of
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the 3Y-TZP ceramic are considered to be due to the increase o f elastic m odulus o f the
constraining matrix, as well as the segregation o f AI2 O 3 at grain boundaries. The decrease
in fracture toughness caused by the addition o f AI2 O 3 can be overcom e m ainly by the
crack deflection and grain bridging due to the debonding o f the well developed, elongated
or acicular mullite grains that are form ed in-situ. The contribution o f debonding for
11)
different sintering tem peratures in our study is calculated as 0.10M Pa«m
(at 1500°C),
1.21M Pa»m 1/2 (at 1600°C), 2.35M Pa»m 1/2 (at 1700°C), respectively.

R e p ro d u c e d with p e rm issio n o f th e co p y rig h t o w n er. F u rth e r re p ro d u c tio n p ro h ib ite d w ith o u t p e rm is sio n .

CHAPTER 5

TETRAGONAL TO MONOCLINIC PHASE TRANSFORMATION KINETICS

135

CHAPTER 5

TETRAGONAL TO MONOCLINIC PHASE TRANSFORMATION
KINETICS
5.1. INTRODUCTION
The excellent mechanical properties o f strength and toughness o f zirconia containing a
small am ount o f yttria are known to be closely to the stress-induced phase transform ation
from m etastable tetragonal (t) to stable m onoclinic (m) phase [4-9,14,15,126,162-176].
This transform ation is affected by many factors [162-176], including yttria and other
cation additions content, grain size, w ater environm ent, thermal history, etc., as reviewed
in C hapter 2. Therefore, control and inhibition of the transform ation is rather difficult.
Furtherm ore, it is not yet clear w hether this transform ation occurs through an athermal
m ode (diffusionless) or an isotherm al mode.
It has been shown that Z r 0 2 proceeds by a burst transform ation from t to m and, thus, this
is believed to be an athermal mode [345]. However, recent studies [187,188, 261-264] on
specim ens with Y 2 O 3 contents higher than ~ 2 mol% have shown that the transform ation
occurs isotherm ally. Transform ation kinetics have sometimes been fitted to the M ehlA vram i-Johnson law [346, 347], which suggests a nucleation and growth transformation.
H owever, the evidence for the real nucleation and growth mechanism has never been
clearly identified at the surface o f Y-TZP materials. In order to identify transform ation
processes occurring during LTED and the extent o f isotherm al transformation at low
tem perature, the relatively low tem perature (typically near room temperature) range (from
80 to 160°C) was selected to accurately predict isotherm al tetragonal —> m onoclinic
transform ation kinetics o f zirconia ceram ics for low tem perature applications since
isotherm al transform ation is tem perature dependent and the slow er the transform ation, the
better the measurement.

5.2. X-RAY DIFFRACTION RESULTS
X -ray diffraction was used to determ ine the percentage o f each phase present in the
follow ing studies. All sam ples had been aged (hydrotherm al treatment) for up to 2000hrs
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in an autoclave operating at 80, 100, 120, 140, 160°C, respectively, under a pressure of
1.2 M Pa. The surface transform ed region o f each sam ple was exam ined using a x-ray
diffractom eter, em ploying C u K a radiation. D iffraction patterns were obtained over a
range o f 25 to 90° 20, then the 20 range o f greatest interest was selected (25 to 33° 20).
The polym orphs o f zirconia and their respective 20 values are listed in Table 5-1. These
values were used to identify the zirconia polym orphs. Also given in the table are the 20
results from the present work.

Table 5-1 20 values for zirconia polymorphs (Standard values and results of present study)
Polymorph

m

Plane

(1

1 1

)

Standard diffraction angle

Results from present work

(20) C u K a

(20) C u K a

28.2

28.22

t

(1 1 1 )

30.2

30.30

c

(1 1 1 )

30.6

30.65

m

(1 1 1 )

31.5

31.89

The fraction o f monoclinic phase on the surface was determ ined by G arvie’s method
[298] as described in Section 3.3.1.4. The relationship between the am ount o f m onoclinic
phase and aging time at various tem peratures is shown in Fig. 5-1. The am ount of
m onoclinic phase increases w ith aging time according to a sigm oidal behaviour, in
agreem ent with other studies conducted at high tem peratures [261-164]. These studies
suggested that the relationship between the am ount o f m onoclinic phase and the aging
tim e could be expressed by the Johnson-M ehl-A vram i equation [346, 347]. The JMA
equation is often used for describing tim e-transform ation isotherm s in metals and metallic
alloys. Tsubakino et al. [261, 262] suggested that isotherm al transform ation occurs by
nucleation and growth process for 3Y -TZP w ithout providing experim ental evidence for
mechanism.
Often the Johnson-M ehl-A vram i (JM A) equation in the form shown in Equation (5-1) can
be used to analysis a transform ation occurring by a nucleation and grow th process:
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(5-1)

where X m is the transform ation fraction, t is the time, k is a constant and n is a numerical
(or time) exponent whose value can vary between ~1 to 4. Provided there is no change in
the nucleation m echanism , n is independent o f temperature. The n value is dependant on
both the nucleation rate and the directions o f growth, k, the linear intercept, depends on
nucleation and growth rates, and as a result is very tem perature sensitive. Large values o f
k indicate rapid nucleation and growth rates. Equation (5-1) can be m anipulated to give
the following [282]:

l - X m = e x p (~ktn)

ln(l - X m) = - k t n

- l n ( l - X m) = k t n

ln [-ln (l - X m)] = In A: + n l n t

(5-2)

In the nucleation and growth theory sum m arized by Christian [347], and as shown in
Equation (5-2), the n exponent, which can be derived from the slope o f the ln [-ln (l-X m)]
versus lnt plot as shown in Fig. 5-2. The param eter b gives the apparent activation energy

Q by:

(5-3)

where ko is a constant, R the gas constant and T the absolute tem perature. V alues for k
can be calculated for each tem perature from a ln [-ln (l-X m)] versus lnt plot. This plot is
shown in Fig. 5-3. Because the monoclinic fraction never reaches 100% even after a very
long duration, X m is taken as the fraction o f the saturation am ount o f the monoclinic
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phase ( - 8 8 %). A linear relationship is observed for each tem perature with a constant
value o f n equal to 3.7±0.3. T able 5-2 [306] sum m arizes som e o f the values o f n expected
from various types o f grow th. The value obtained for n in the current work is
approxim ately 4. Table 5-2 indicates that the growth is likely to be in 3 directions
(spherical).

Table 5-2 G row th directions and rate constants leading to values o f n
Type o f Growth

N° o f G rowth

N ucleation Rate,

Numerical

D irection

(I)

Exponent, (n)

Sphere

3

Const.= l

4

Plate

2

C onst.=l

3

N eedles

1

C onst.= l

2

2-D

2

0

2

The plot o f ln& versus 1/T in Fig. 5-3 gives an activation energy o f 102 kJ/m ol with
excellent reliability (correlation coefficient o f more than 99% ). Saturation in the
m onoclinic content m easured by XRD is reached at the tim e when the surface is
com pletely covered. Transform ation then proceeds in the bulk o f the material (i.e., deeper
than the first 5|im analyzed by X -ray diffraction analysis).
The H itachi’s XRD system is capable o f providing inform ation on the penetration depth
o f the transform ed phase. The thin film mode was utilized as described in Section 3.3.1.5,
and m easurem ents were taken over ten different angles o f om ega (2, 2.5, 3, 3.5, 4,

6

, 8,

10, 12, and 14° omega). This allow ed line scans to be plotted for each o f the ten different
degrees o f omega. This data was then used to determ ine the m onoclinic content at each
depth using Equation (3-6). The penetration depth o f the transform ed monoclinic phase
against the hydrotherm al aging tim e at different tem perature is shown in Fig. 5-4. The
transform ation depth appears to increase linearly with increasing hydrotherm al aging
time.
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Fig. 5-1. M onoclinic content m easured by x-ray diffraction versus tim e for tem perature
ranging from 80°C to 160°C.
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Fig. 5-2. P lot o f In [-ln( 1-X m)] versus lnt for the determ ination o f n (slope) and ln&
(ordinate origin) in the JM A equation.
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Fig. 5-3 Plot o f Ink versus 1/T for the determ ination o f the apparent activation energy for
the t—»m phase transform ation process.
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Fig. 5-4. Penetration depth o f transform ed m onoclinic phase against hydrotherm al aging
time at different tem perature for Y -TZP sam ples m easured using the H itachi’s X ’Pert
system.

5.3.. WHITE LIGHT INTERFEROMETER (WLI) INVESTIGATIONS
The surface nucleation and grow th m echanism for LTED, which was suggested by XRD,
was confirm ed by white light interferom eter observations. Fig.5-5 shows the sam e surface
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o f a given specimen observed by white light interferometry after different treatm ent times
at 160°C, at 1.2MPa pressure in water.
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Fig.5-5. W hite light interferom eter observation o f the same area: (a) before LTED for a
m onoclinic fraction X m close to 0%, (b) after 2.5 hr in w ater at 160°C, 1.2MPa with X m
<10%, (c) 5 hr with Xn, around 15%, and (d) 10 hr with Xni=25%.
Figure 5-5 (a) corresponds to the initial surface, with a roughness Ra=2nm and a
m onoclinic content close to 0%. After an incubation period o f about 2.5h, the nucleation
o f monoclinic sites occurs (see Fig. 5-5 (b)). N ucleation is detected by small surface
upheavals (with a diam eter close to 2-3pm ), which correspond to the transform ation o f
one or a few grains [348, 349]. This surface expansion is linked to the increase o f the
crystal size and thus the grain size due to tetragonal -» m onoclinic transformation. At that
time, the m onoclinic fraction m easured by XRD still remains close to 0%. After 5h, (Fig.
5-5 (c)), it appears that the initial nucleation sites have slightly increased in size. Their
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shape is nearly conical, suggesting that transform ation effectively occurs from one grain
to the neighbouring grains and so on. In addition to the initial sites, new nucleation sites
are created (Fig. 5-5 (c)). The monoclinic content as measured by XRD now reaches
15%. Fig. 5-5 (d) shows the sam e surface after lOh with a monoclinic fraction o f 25%.

5.4. EFFECT ON NUCLEATION
As shown in Fig. 5-5, there is a definite increase in the num ber o f nuclei (high points)
appearing in the contour plots as the hydrotherm al treatment time increases. It is these
points which when counted w ere used to determ ine the rate o f nucleation. There is a
strong sim ilarity between the results produced using W LI (Fig. 5-6) and the data obtained
by XRD (Fig. 5-1). The sim ilarity o f the curves further fuels the suggestions that a
relationship exists between the -4 .5 % volum e increase associated with transform ation
from tetragonal zirconia to m onoclinic zirconia, and the num ber o f mounds which
develop on the surface o f the hydrotherm al treated samples.
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Fig. 5-6. M ean percent peaks per area m easured by W LI against time for tem perature
ranging from 80°C to 160°C.
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Fig. 5-7 shows the num ber o f nuclei for two regions o f the same sam ple at 160°C from
the beginning o f the LTED until the surface is totally covered by m onoclinic grains. After
a short apparent incubation period o f about Ih, the num ber o f nuclei increases linearly
with the hydrothermal treatm ent tim e, i.e. the nucleation rate being constant. A fter about
6-7 h, i.e., for m onoclinic contents higher than 40% , the nucleation rate reaches a
saturation level. Such a saturation level can result from com pressive stresses induced by
the tetragonal -» m onoclinic transform ation [282]. A nother explanation for the saturation
is the decrease o f the probability o f nucleation at a given location as LTED proceeds at
random ly distributed sites.
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Fig. 5-7 Variation o f num ber o f nuclei with hydrotherm al treatm ent tim e at 160°C (for
two regions o f the sam e specim en, area o f each region: 0.15m m x 0.15mm)

5.5. GROWTH OF NUCLEI
Fig. 5-8 shows the diam eter and height o f three particular conical surface upheavals as a
function of tim e after their nucleation at 160°C. The plots can be fitted to linear
relationships as shown by the solid lines. It is observed that the ‘conical’ m onoclinic sites
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grow at an approxim ately constant rate with time, with a constant ratio o f height/diam eter
o f about 1/85.
T he diam eters o f the largest m onoclinic regions were m easured for the purpose o f
com parison using both white light interferom eter (W LI) and optical microscopy (OM).
N o statistical difference was found between the data from the W LI and OM (as shown in
T able 5-3). Hence, average values for the m axim um diam eter were em ployed for the
follow ing analysis.
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Fig. 5-8 V ariation of spot size (height and diam eter) with hydrotherm al treatm ent time at
160°C
T able 5-3. Com parison o f the diam eters o f the largest monoclinic regions m easured by
W LI and OM at 160°C
Item
The diam eters o f the largest monoclinic regions (pm )
Tim e

1

2

3

4

5

3.8

6 .2

7.5

1 2 .1

14.8

17.4

22.3

±0.30

±0 . 2 0

±0.15

±0 . 1 2

±0.18

±0.23

±0.19

4.0

5.8

7.4

12.4

15.3

17.1

2 2 .0

±0 .2 1

±0.14

±0 . 1 0

±0 . 2 0

±0.25

±0.15

±0.32

6

7

(hr)
W LI

OM
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The time dependence o f the diam eter o f the largest m onoclinic regions when
hydrotherm ally treated at 140°C (a low er hydrotherm al tem perature than 160°C was
selected intentionally in order to observe the transform ation more accurately since
isotherm al transform ation is tem perature dependent and the slow er transform ation, the
better m easurem ent.) is shown in Fig. 5-9. The growth rate G is independent o f time and
has a value o f 7.5x1 O' 10 m s'1. The JM A equation for constant nucleation and growth in
three dim ensions is [282]:
X m = 1- exp (- — G 3 Iv t4)

(5-4)

where Iv is the nucleation rate per unit volum e. It can be seen that the above equation has
a time exponent o f 4 which agrees well with the value o f 3.7 calculated from X RD data.
To a reasonable approxim ation and substituting the values for Iv and G from scanning
w hite light interferom eter into Equation 5-4 gives the curve plotted as a solid line in Fig.
5-10 (XRD data). There is a good agreem ent between the calculated curve and the XRD
data which dem onstrates that the low tem perature environm entally induced tetragonal to
m onoclinic transform ation occurs by a nucleation and growth process with constant
nucleation and growth rates.
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Fig. 5-9 The diam eter o f the largest m onoclinic nuclei, as a function o f aging tim e at
140°C.
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Fig. 5-10. M onoclinic content m easured by x-ray diffraction versus tim e for tem perature
ranging from 80°C to 160°C. Solid lines represent the fitting o f the experim ental results
by the JM A law with n=3.7.

5.6. SURFACE ROUGHNESS
Fig. 5-11

shows the change in roughness as a result o f the low tem perature

environm entally induced transform ation from the tetragonal to the m onoclinic phase.
There is an initial rapid increase in roughness followed by a period w here the roughness
values actually begin to decrease. The initial increase in surface roughness is expected, as
the -4 .5 % volum e increase associated with transformation form s m ounds on the surface
o f samples. The decrease beyond about 25hrs is not entirely unexpected either. Fig. 5-12
should schem atically help to clearly explain the reason for this. One or two nuclei per unit
area on the sam ple surface would hardly register as an increase in roughness above that o f
background roughness (Fig. 5-12 at Ohr). As m ore nuclei form the roughness rapidly
increases as the peak to valley m easurem ents becom e more exaggerated (Fig, 5-12 at 1520hrs). Once the num ber o f nuclei becom es so great that they begin to im pinge upon one
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other and approach saturation height, variations begin to decrease (Fig, 5-12 at 30hrs), i.e.
the surface roughness is beginning to equalize.
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Fig. 5-11. M ean surface roughness values against hydrotherm al aging tim e at 140°C
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2 0

Fig. 5-12. Schem atic diagram o f the change in surface roughness with hydrotherm al
treatm ent time at 140°C
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T R A N S F O R M A T IO N BY L T E D
Com bining the surface nucleation, growth analysis (Figs. 5-7, 5-8 and 5-9) and
penetration depth (Fig. 5-4) and roughness (Fig. 5-11) results from white light
interferom eter (Fig. 5-5 and Fig. 5-6) and XRD (Fig. 5-1 and Fig. 5-10), a schematic
diagram is proposed in Fig. 5-13 to illustrate the surface tetragonal to monoclinic phase
transform ation kinetics evolution process in low tem perature environm ents at different
hydrotherm al aging times.
Fig. 5-13 (A) represents a cross-section through the sam ple along the axis marked in Fig.
5-13 (B). Based on transform ation occurring in a conical configuration (Fig. 5-5), and a
constant rate o f increase o f the monoclinic content with aging tim e from W LI study, the
model proposed in Fig. 13 sum m arizes how the monoclinic transform ation o f the
surrounding grains was triggered by the initial transform ed grains and how the
m onoclinic transformation grains gradually penetrate into bulk material from surface as
the hydrotherm al aging tim e increases. S tag e 1, after about 1 hr hydrotherm al ageing,
m onoclinic phase nucleation can be detected by small surface upheavals and probably a
penetration depth of about 3-4 m icrons transform ation layer under the surface for a higher
ageing temperature, such as 160°C. S tage 2, after 5 hrs hydrotherm al ageing, it appears
that the initial monoclinic phase nucleation sites have increased in size and depth (about 4
microns) for a higher ageing tem perature, such as 160°C. However, for the low er ageing
tem perature o f 140°C, the transform ation ju st begins from stage 1. S tag e 3, the
propagation from the initially transform ed grain to the neighbouring grains and so on
happens after about

2 0

hrs hydrotherm al ageing and the penetration depth propagates to

deeper for a higher ageing tem perature o f 160°C, and the transform ed depth can reach
about 4.5 microns. For the low er ageing tem perature o f 140°C, the transform ation may
proceed to stage 2. The transform ation for even low er ageing temperature, such as 120°C
or 100°C, probably, stage 1 ju s t is initiated. S tag e 4, more new transform ation sites are
initiated and until the w hole surface is alm ost covered and the penetration depth
propagates to further deeper by transform ed m onoclinic phases at over 30 hrs for a higher
ageing tem perature o f 160°C. For the low er ageing tem perature o f 140°C, the
transform ation may proceed to stage 3. The transform ation for even low er ageing
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tem perature, such as 120°C or 100°C, probably, stage 2 starts. For the low est ageing
tem perature o f 80°C, finally, stage 1 is initiated.

(A)

(B)

A t the beginning o f ageing (after 1 hr)

- Stage 3

A fter 20hrs

Stage 4

A fter 30hrs
Fig. 5-13. Schem atic diagram o f the model o f tetragonal —» m onoclinic surface phase
transform ation by LTED.
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5.8. SUMMARY
(1). XRD analysis o f Y-TZP sam ples revealed the expected increase in monoclinic
content with increasing hydrotherm al aging time. U sing the Johnson-M ehl-A vram i (JM A)
equation a value for the slope n (the time exponent) was determ ined as 3.7 from a plot of
ln [-ln (l-X m)] against lnt, which indicates that grow th is in three directions and nucleation
rate, I, is constant.
(2). The raw data produced using w hite light interferom eter suggests that nucleation
occurs fairly rapidly up to an aging tim e o f about 15-20 hrs, after which the nucleation
rate appears to fall off. In addition, is was found that the growth rate G has a value o f
7.5xlO ' 10 m s ’ 1 which was found to be independent o f hydrotherm al aging time.
(3). The nucleation and grow th data from w hite light interferom eter in conjunction with
the Johnson-M ehl-Avram i equation gives a prediction o f the m onoclinic content versus
hydrotherm al aging that is in good agreem ent with the X RD results.
(4). Glancing angle data revealed that the depth o f the m onoclinic layer form ed as a result
o f hydrotherm al aging time increase linearly with respect to hydrotherm al aging time.
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CHAPTER 6

INHIBITION OF LOW TEMPERATURE ENVIRONMENTAL
EFFECTS BY SURFACE DOPING WITH CATION
STABILIZERS: PART 1, SOLID PHASE DIFFUSION
6.1. TETRAVALENT DOPANTS: C e02 AND G e02

6.1.1. INTRODUCTION
Since low tem perature environm ental degradation is closely related to the isothermal
transform ation tetragonal —> m onoclinic which is initiated from the surface (see C hapter
5), surface doping with cation stabilizers could be an effective method o f prevention.
A lthough it has been reported that the addition o f C e 0 2 dopants, or the dispersion o f
AI2 O 3 in Y-TZP, can be effective methods to inhibit degradation by hydrotherm al
corrosion, the fracture strength o f C e 0 2-doped Y-TZP and the fracture toughness o f
A l 2 0 3 -dispersed Y-TZP are correspondingly reduced [163, 234]. Given that carburization
(carbon-doped surface) in steel can give both high toughness and high strength, surface
C e 0 2-doping and G e 0 2-doping o f a 3Y-TZP ceram ic was investigated as a means o f
overcom ing the degradation on hydrotherm al corrosion since the form er is the m ost
com m only used oversized tetravalent stabilizer and the latter is the most effective
undersized tetravalent dopant for stabilizing tetragonal zirconia at room tem perature
[106].

6.1.2. RESULTS AND DISCUSSION
The relative density and average grain sizes o f the TZP ceram ic samples treated by the
different m ethods are given in Table 6-1-1. Scanning electron m icrographs o f the 3YTZP, (3Y, 10Ce)-TZP and (3Y -10G e)-TZP samples are shown in Fig. 6-1-1. The results
in Table 6-1-1 indicate that the densities o f the Y-TZP ceram ics are decreased by adding
C e 0 2 and G e 0 2 powder, due to their low er sinterability. Also, a slightly larger average
grain size was observed in (3Y ,10Ce)-TZP and (3Y ,10G e)-TZP than for 3Y -TZP and 3Y-
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TZP treated by surface ceria and germ ania doping (especially for the 12hour treatment).
The effect o f the exposure time for the hydrotherm al treatm ent on the m onoclinic phase
content o f the different sam ples is shown in Fig.6-1-2 (a) and (b).

Table 6-1-1. Relative density and grain size for differently treated samples
Method o f
treatment

3YTZP

(3 Y, 10
Ce)TZP

(3 Y, 10
Ge)TZP

3 Y-TZP +
surface Cedoping
( 12hrs)

3Y-TZP +
surface
Ce-doping
(24hrs)

3Y-TZP +
surface
Ge-doping
( 12hrs)

3 Y-TZP +
surface
Ge-doping
(24hrs)

Sintering or
surface
treatment
temperature
(°C)
Relative
density (%)

1500

1500

1500

1400

1400

1400

1400

99.3

98.1

97.2

99.2

98.9

98.7

98.6

Grain size
(pm)

0.80±
0.19

1.50±
0.12

i.3 0 ±
0.21

0 .88±
0.11

1.40±
0.15

0.94±
0.08

1.20±
0.07
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Fig. 6-1-1. Scanning electron m icrographs o f (a) 3 Y-TZP, (b) (3Y, 10Ce)-TZP and (c)
(3Y-10Ge)-TZP.
In contrast to 3Y-TZP, which shows poor resistance to hydrotherm al corrosion
(considerable m-phase is formed, which is obvious from Fig. 6-1-1 (a).), (3Y ,10Ce)-TZP
and (3Y,10Ge)-TZP, as well as 3Y-TZP ceramic treated by surface C e 0 2 doping and
Ge 0 2 doping all show good or excellent resistance to hydrothermal corrosion. The
intergranular cracking indicates that the degradation propagated along the grain
boundaries. Some macro-cracks can be seen after the degradation had proceeded for a
long enough time: see Fig. 6-1-3.
The slightly higher am ount o f the m -phase that exists in the (3Y,10Ce)-TZP and
(3Y,10Ge)-TZP samples than in the surface treated m aterials may result from their larger
grain sizes. Lange [122] proposed (see section 2.5.1 in Chapter 2 literature review for
details) that the free energy change o f transform ation tetragonal —» monoclinic, equals to
the sum o f the chemical free energy change, the strain free energy change, and the surface
free energy change from the tetragonal phase to the monoclinic phase. AUS will be
decreased due to the larger grain size, and thus the free energy change for the
transformation t-» m is correspondingly increased. That will lead to the slightly higher
am ount o f m-phase formed in the (3Y,10Ce)-TZP and (3Y,10Ge)-TZP ceramics.
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The differences in bending strengths before and after hydrotherm al corrosion for samples
treated by the various methods are shown in Fig.6-1-4.
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Fig.6-1-2. Relationship betw een the m onoclinic phase content and the aging tim e for 3YTZP, (3Y, 10Ce)-TZP and (3Y -10G e)-TZP sam ples treated by bulk and surface doping
methods
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Fig. 6-1-3. Optical photograph o f macro-cracks on the surface o f 3Y-TZP after the low
tem perature environmental degradation at 200°C w ater for 72 hrs.

1200

1000

□ Before hydrothermal treatment
■ After hydrothermal treatment
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M ethod s of T re a tm e n t

Fig.6-1-4 Relationship between the bending strength and various treatm ent m ethods for
different samples before and after hydrotherm al corrosion at 200°C w ater for 72 hrs.
Owing to the low density and the fact that the tetragonal -» monoclinic phase
transform ation will proceed at relatively low stresses, the fracture strength o f (3Y,10Ce)TZP and (3Y,10Ge)-TZP was significantly reduced com pared to 3Y-TZP even before
hydrothermal treatment. Although there is little or no further degradation after
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hydrothermal corrosion for the (3Y,10Ce)-TZP and (3Y ,10G e)-TZP ceramics, their low
initial strength precludes com mercial application. However, surface ceria and germ ania
doping in the 3Y-TZP ceram ics for 12 hours gives both high bending strengths before and
after annealing and a high resistance to degradation. However, there is a dramatic
decrease in bending strength after 24 hours surface treatm ent which may be attributed to
residual strains and stress-induced cracking caused by overly thick doped layers (see Fig.
6-1-5).

Crack
Crack

Crack
Crack

Fig. 6-1-5. Stress-induced cracking caused by overly thicker doped layers when surface
doping time reachs 24hrs.
The Ce and Ge contents (was measured by EPM A) o f specim ens treated by surface
doping are shown in Fig.6-1-6 as a function o f depth from the surface. It can be seen that
the Ce and Ge contents reach almost 10 mol% at the surface. From the surface to about a
depth o f 10 pm , the Ce and Ge contents in the specim ens treated by surface doping for 12
hours drop very fast (see Fig.6-1-6 zone I ), such that the Ce and Ge contents are lower
than 4mol% at 10 pm depth. However, when the doping tim e was increased to 24 hours,
the Ce and Ge contents are still higher than 8 mol% at about 10 pm depth. They then drop
slowly from 10 pm to 30 pm (see Fig.6-1-6 zone II). This may explain why the changes
in bending strength were large before and after annealing in samples doped for 24 hours.
For our experimental conditions, the critical flaw length should be around 10 to 30 pm for
3Y-TZP based on above bending strength evolution results. W hen the C e 0 2 - and G e 0 2 doped layer (concentration should be close to that for bulk doping) thickness can be
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precisely controlled to remain within the critical flaw length o f the samples, the bending
strength o f surface doped Y-TZP may not be reduced (see Fig.6-1-4 data columns in pair
4 and 6 , which does not show changes after hydrotherm al treatment).
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Fig.6-1-6. Relationship between the Ce and Ge contents as measured using EPMA and
the distance from the surface for different doping times.
It has been confirmed [260] that a fairly large am ount o f oxygen vacancies will be formed
after Zr4+ ions are replaced by a few mol% trivalent cations, such as Y3+, in order to keep
charge neutrality. N akanishi et al [187] concluded that the diffusibility o f oxygen ions
through their vacancies, and also by the formation o f clusters com posed o f displaced
oxygen ions and vacancies in the tetragonal lattice o f Y 2 O 3 doped ZrC>2 , will modify the
shear displacement in the m artensite or bainite-like transform ation. Furthermore, Catlow
et al [350] suggested that oxygen vacancies produced by the addition o f Y 2 O 3 have a
tendency to preferentially locate in the vicinity o f a Zr4+ ion, thus resulting in an ionic
configuration o f Zr4 + - 0

7

sim ilar to that often observed in the monoclinic phase.

In order to further prove the effect o f high concentration o f oxygen vacancies and o f the
O2' ion oxygen vacancy cluster, especially the effect o f water, on the activation energy o f
isothermal transformation tetragonal -» monoclinic, Yin et al. [270] set up a kinetic
model for this environmental cracking sensitivity in 3Y-TZP under hydrothermal
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conditions. Their study showed that the stress-free activation energy decreases from
169±4 to 82±3kJ/m ol due to a change in surface energy by water. T heir results agreed
well with the average activation energy o f 83.3kJ/m ol reported by Sato et al. [198].
However, the another investigation by Sato et al.[ 185] showed that the values of
activation energy for both ceria- and yttria-doped zirconia ceram ics w ere alm ost the same
under low tem perature hydrotherm al treatm ent in water. The only difference is that the
transform ation rate for ceria-doped zirconia ceram ics was much slow er than that o f yttriadoped zirconia ceramics. This illustrates that the contribution to degradation prevention of
the surface ceria-doping in 3Y -TZP should not be com pletely attributed to its effect on
the stress-free activation energy.
Also, the stabilization effect o f tetravalent cations, both oversized Ce4+ and undersized
G e4+, which do not introduce oxygen vacancies, can not be explained using the above
m odel [260]. Thus, the origin o f this stability o f Ce- and Ge- surface doped should be
analyzed further. In fact, the instability o f tetragonal zirconia is rooted in the small size of
Zr4+, which is unfavorable for

8

-fold oxygen coordination norm ally required for the

fluorite structure. Thus, the cation netw ork is strained and oxygen overcrow ding is
present in tetragonal zirconia. A ccording to the Li and C hen’s research results [106], the
varying tetragonal stability in different zirconia solid solutions is now explained. They
thought that the stabilization o f tetragonal phase m ust be achieved via a relief o f its
internal strain. In as much as the oversized tetravalent dopant Ce4+ dilates the cation
netw ork and Zr-associated oxygen vacancies (from trivalent cation Y 3+) relieve oxygen
overcrow ding, both are expected to cause increased tetragonal stability because o f the
decrease in strain energy [106]. Therefore, the low er tetragonality resulting from the
introduction o f Ce4+ (see Fig.6-1-7) will accom pany an increase in the stability o f the
lattice against monoclinic distortion.
H owever, the stabilization o f the tetragonal structure by undersized Ge4+ is obviously
different. It can be seen from Fig.6-1-7 that the tetragonality increases with the
introduction o f Ge4+. The study [106] showed that this stabilizing effect is apparently
achieved by cation ordering (see Fig.6-1-8) since the overcrow ding in this case can be
apparently relieved by the full developm ent o f bifurcated tetrahedral bonding for both Zr-
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O and G e -0 in the layer-like structure. In this case, the tetragonal structure gains
therm odynam ic stability while the tetragonality sim ultaneously increases.

•
©

Zr
Dopant

O

Oxygen
Zr-Oi
Zr-On

c/a increases

Fig.6-1-7 Schem atic illustration for variation o f tetragonality o f zircona solid solutions.
(Numbers indicate atom position in b direction.) [106]
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O

Zr

® Ge

Fig.6-1-8. The local G e-Z r ordering form ed in cation sublattice in Zr 3 GeOg [106]

The different stability m echanism s explain why the changes in bending strength are
different (7.6% and 1.7% decreases for surface Ce-doping and G e-doping, respectively)
before and after hydrotherm al treatm ent even when sam ples w ere treated for
(see Fig.6-1-4 data colum ns in pair 4 and

6

12

hours

for com parison) since the phase Z ^G eO s

caused by the surface G e-doping is much m ore stable [106] even in a hydrotherm al
environm ent.
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6.1.3. SUMMARY
The main conclusions to com e from this part o f the study are as follows:
1. D egradation o f a 3Y-TZP ceram ic after annealing in hot w ater can be significantly
reduced by a surface C e 0 2- and G e 0 2 -doping m ethod especially when the doped layer
thickness is less than the critical flaw length.
2. This behavior is attributed to surface doping leading to an im provem ent in the
resistance o f 3Y-TZP to low tem perature hydrotherm al corrosion. Surface G e 0 2 -doping
is slightly better than surface C e 0 2-doping for inhibiting degradation due to the different
stability mechanisms.

6.2. TRTVALENT DOPANTS: La20 3 AND Fe20 3

6.2.1. INTRODUCTION
These cation alloying oxides w hich m ay lead to stabilization can be alkaline-earth, rareearth, and actinide oxides and som e transition-elem ent oxides such as In20 3[165, 166].
The advantages o f surface-doping are that not only can degradation be prevented, but also
that the mechanical properties o f the bulk m aterial can be m aintained. Therefore, surface
La 2 0 3-doping and Fe 2 0 3-doping of 3Y -TZP ceram ics was investigated as a means o f
overcom ing the degradation on hydrotherm al corrosion. A secondary aim was to exam ine
the effects o f oversized and undersized trivent dopants on the stabilization o f the cubic
and tetragonal phases.

6.2.2. RESULTS AND DISCUSSION
The average grain size and relative density o f the 3Y -TZP ceram ic sam ples treated by the
different m ethods are given in Table 6-2-1. Scanning electron m icrographs with different
grain sizes for the different surface treated 3Y-TZP are shown in Fig. 6-2-1. The relative
density o f the surface La 2 0 3-doped 3Y -TZP ceram ic decreases slightly as the surface
treatm ent time increases due to the low er sinterability o f La 2 0 3. A lso, slightly larger
average grain sizes for 3Y -TZP were observed at the longer doping tim es for surface
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La 2 0 3 -doping treatments. An increase in grain size with increasing treatm ent time is not
surprising, and is typically observed since grain growth depends mainly on time and
tem perature[336]. Table 6-2-2 shows the phases present in the sample surface before and
after hydrotherm al treatm ent for La 2 0 3 -doped materials.

Table 6-2-1 A verage grain size at surface and relative density o f 3Y-TZP ceramic
samples surface treated at 1500°C
Treatment and
Time

La 2 0 3 -doping
for 0.5 hr

La 2 0 3 -doping
for 1 hr

La 2 0 3 -doping
for 2 hr

Fe 2 C>3 -doping
for 1 hr

Grain size (pm )
Relative density

1.12±0.15

1.24+0.09
97.9

1.36±0.12

1.33±0.14
97.5

98.4

94.8

(%)

Table 6-2-2 Phase changes on the sample surface before and after hydrothermal
treatm ent for La 2 0 3 -doping treatm ents for different times
Surface La 2 0 3 doping time (hr)

Surface phases before
hydrotherm al treatment

Surface phases after hydrotherm al
treatm ent at 200°C w ater for
450hrs

0.5
1
2

t+c
t + c + La 2 C>3 + La 2 Zr 2 0 7

m# + c
t+c
m + c + La 2 0 3 + La 2 Zr 2 0 7

* tetragonal phase o f ZrC>2 ; ** cubic phase o f ZrC>2 ; s m onoclinic phase ofZrC >2

(a) La 2 0 3 -doping for 0.5 hr
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Fig. 6-2-1 SEM micrographs o f 3Y-TZP surface-doped using either La 2 0 3 or Fe 2 C>3 (a)
La 2 C>3 -doping for 0.5 hr; (b) La 2 0 3 -doping for 1 hr; (c) La 2 0 3 -doping for 2 hrs, (d) Fe 2 0 3 doping for 1 hr.
The XRD analysis indicated that before hydrotherm al treatm ent, t- and c-ZrCb were
present on the surface after La 2 0 3 -doping for 0.5 to 1 hour. However, La 2 Zr 2 0 7 and
La 2 C>3 were formed after La 2 C>3 -doping for 2 hours. The m onoclinic phase was detected
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on the surface after hydrotherm al treatm ent for 450 hrs in both the 0.5hr and 2hr doped
samples, but not in the 1 hr doped sample. This explains why both the bending strength of
3Y -TZP after surface LaiC^-doping for 0.5 and 2 hours is low er than that o f 3Y -TZP after
surface La 2 C>3 -doping for

1

hour since the formation o f the m onoclinic phase will cause

cracking due to volum e expansion, see Fig. 6-2-2.

1: Zhao & Northwood's [351] data fo r 3Y-1ZP
2: Surface Lag03 doping for 1hr
3: Surface Lag03 doping for 2hrs
4: Surface Lag03 doping for 0.5hr
5: Surface Fe20 3 doping for 1hr
□ Chung's [168] data fo r 3Y-TZP
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Fig. 6-2-2 Bending strength fo r 3Y -TZP and different surface heat treated 3Y -TZP
sam ples before and after hydrotherm al treatm ent at 200°C and 1.2M Pa for different
exposure times.
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Also, the thickness o f the transform ed layer was increased on further annealing, which
resulted in a large number o f cracks. The bending strengths o f surface La^C^-doped 3YTZP at different treatm ent tim es both before and after hydrotherm al corrosion are
com pared with 3Y-TZP and surface Fe 2 C>3 -doped 3Y -TZP sam ples in Fig.6-2-2. There is
little, or no, further degradation on hydrotherm al corrosion for the surface LaiC^-doped
3Y-TZP sam ple treated for 1 hour, thus dem onstrating its high resistance to degradation.
The low er bending strength o f surface FeiO.^ doped 3Y-TZP com pared to surface La 2 0 .3 doped m aterials may attributed to its larger grain size (see Table 6-2-1). M ore detailed
information on the effect o f the exposure tim e in a hydrotherm al environm ent on the
monoclinic phase content o f 3Y -TZP after surface-doping at different times is given in
Fig.6-2-3 and is com pared w ith that o f 3Y -TZP w ithout any surface treatm ent. An
excellent resistance o f 3Y -TZP to hydrotherm al corrosion was found after surface La 2 0 3 doping for 1 hour (see curve 4 at Fig. 6-2-3). The x-ray diffraction results show that there
is alm ost no m-phase present in the surface o f one hour surface La 2 0 3 -doped 3Y-TZP
after a hydrotherm al treatm ent. However, com pared with surface La 2 0 3 m odification, the
affect o f surface Fe 2 C>3 m odification on stability is different (som e m -phase is formed) for
the same doping time (1 hour). Thus the surface layer that is stabilized by either La or Fe
ions is different even though they both are trivalent dopants. Further hydrotherm al
treatment o f the sintered 3Y -TZP sam ples did not change the relative content of
m onoclinic phase on the surface as shown in Fig. 6-2-3, which agrees w ith Chung et
al’s[168] previous results.
The concentration distribution o f La for different surface-doping times is shown in Fig.

6

-

2-4. The concentration gradients for La show a decreasing concentration w ith increasing
depth into the sample for all surface-doping times. For surface La 2 C>3 -doped 3Y -TZP for
1-hour (shows the best resistance to hydrotherm al degradation), the surface La content
reaches around 0.5mol% . For 2-hour La 2 0 3 -doped 3Y-TZP, up to 1.3 m ol% La was
detected on the surface as show n in Fig. 6-2-4 and La 2 Zr 2 C>7 and La 2 C>3 were also
identified (Table 6-6-2). This agrees well with N akayam a et al [352], who show ed that
only 0.5mol% La 2 C>3 can be dissolved in the Y-TZP lattice. M ore than 0.5m ol% La 2 C>3
will result in the formation o f La 2 Zr 2 C>7 , or rem ain as La 2 C>3 , when La 2 C>3 was added into
Y-TZP. E xtra La 2 2 j ‘2

0 7

and L a 2 C> 3 may cause some sintering difficulties as shown in
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Table 6-2-1 for the 2 hr La 2 0 .3 -doped 3Y-TZP, when only 94.8% relative density was
achieved. The advantage o f surface doping lies in the fact that the form ation o f LaiC^ and
LaiZraOy can be prevented w hen the treatm ent tim e is accurately controlled.

1: Zhao & Northwood'j f3511 data for 3 Y-TZP
2: Surface La2 ° 3 doping for 2hrs
3: Surface L^Og doping for 0.5hr
4: Surface LagOg doping for 1hr
5: Surface Fe20 3 doping for 1hr
• Chung's [168] data for 3Y-TZP
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Fig. 6-2-3 Com parison o f the m -phase content for 3Y -TZP and different surface heat
treated 3Y -TZP sam ples before and after hydrotherm al treatm ent at 200°C and 1.2MPa
for different exposure times.
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Fig. 6-2-4 Concentration distribution o f La as a function o f surface doping tim e

The three polym orphs o f ZrC> 2 have been w ell established at different tem peratures as
review ed in Chapter 2. A t tem peratures near the m elting point (above 2370°C) it has the
cubic fluorite structure; the zirconium atom s form an FC C (face-centered cubic) lattice
and each Zr-atom is surrounded by eight oxygens form ing a prim itive cubic sub-lattice
w ith a' = a/2 (see Fig. 6-2-5). A t low er tem peratures (betw een 2370°C and 1170°C) there
is a slight tetragonal distortion o f the fluorite structure [353], producing tetragonal Zr 0 2 .
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3
o

a

Fig. 6-2-5 Schem atic representation o f the cubic ZrC> 2 (fluorite) structure. Zr-atom s, open
circles, oxygen atoms, solid circles. Note that the oxygen sublattice is prim itive cubic
w ith a'=a/2. Every Zr-atom is surrounded by 8 oxygen atoms.
The dopant cations substitute fo r the Zr ions despite severe local distortions necessitated
by the large differences in d o p an t-0 distance and Z r-0 distance. The different effects o f
La 2 0 3 and Fe 2 0 3 on the stability o f 3Y -TZP reflect the difference in dopant size effects
since La is an oversized dopant, but Fe is an undersized dopant. For undersized trivalent
dopants, like Fe, which substitute random ly for Zr ions and rem ain in the zirconia solid
solution, at least at low tem peratures, they are in

6

-fold coordination [105] and thus in

com petition with Zr ions for the oxygen vancancies. The 6 -fold catio n -0 association may
be interpreted in terms o f a defect model, shown in Fig.6-2-6, in which two undersized
ions are situated in neighboring cells sharing one oxygen vacancy. Inw ard relaxation of
the neighboring oxygen ions in a trigonal distortion around the dopant [354] and outward
relaxation o f the two body diagonal oxygen ions then leave six oxygen neighbors for each
dopant cation which itself undergoes som e off-centered displacem ent towards the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 6

SURFACE ENGINEERING #1

170

vacancy. There is additional evidence in the literature that undersized dopants favor
nearest-neighbour oxygen vacancy association[355]. However, Li et al[105] suggest

8

-

fold coordination for oversized dopants based on their X-ray absorption fine structure
(EXAFS) data even though Shannon’s values[356] w ould favour 7-fold coordination.
Eightfold dopant coordination then leaves oxygen vacancies next to the Zr cations. The
vacancy (Vo)-cation association can be sum m arized by the two models as shown in Fig.
6-2-7 for trivalent undersized dopants (like Fe) and Fig. 6-2-8 for trivalent oversized
dopants (like La).

O

Oxygen

□ Oxygen Vacancy

#

Undersized Thrivalent Dopant

Fig.6-2-6 Schem atic diagram o f vacancy-undersized dopant association and local
distortion
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(rM<rZr)

Fig.6-2-7. Schem atic diagram o f m odel 1 for cation-oxygen vacancy (Vo) association for
trivalent undersized dopants
Here, M is the trivalent dopant w hich can be either undersized or oversized. In the case of
an undersized dopant, M-Vo-M association (model 1 in Fig. 6-2-7) is appropriate,
whereas in the case o f an oversized dopant, only Zr-Vo-Zr association is allowed (model 2
in Fig. 6-2-8)[105]. U sing these m odels, the fraction o f Z r having ZrC>7 or ZrOg
coordination can be readily calculated [89]. It is found that for the sam e dopant
com position, the fraction o f ZrC >7 w ill be twice as large w ith oversized dopants as it is
with undersized dopants [105].
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O

Zr4+

□
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Oxygen Vacancy

Model 2: Zr-V0-Zr

(rM>rZr)

Fig. 6-2-8. Schem atic diagram o f model 2 for cation-oxygen vacancy (Vo) association for
trivalent oversized dopants
The tetragonal-to-m onoclinic transform ation requires distortion o f both the nearestneighbour Zr-O shell and the next-nearest-neighbour Z r-Zr shell [357]. The mere
presence o f ZrC>7 does not facilitate the transform ation; it actually decreases the driving
force and provides partial stabilization. It has been shown by Li et al [105] that both
undersized and oversized trivalent dopants are capable o f stabilizing the tetragonal phase
against monoclinic distortion. The difference in stability o f tetragonal zirconia with
undersized dopants (like Fe in this study) from w ith oversized dopants (like La in this
study) once again can be explained by the different fraction o f Zr 0 7 available at a given
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concentration o f oversized and undersized trivalent dopants. Li et al [105]’s study shows
that the sim ilar FCC cation netw ork is more stable against thermal distortion in the
stabilized cubic phase than in the tetragonal phase, with the principal structural difference
being that cubic phase has more ZrO? than the tetragonal phase. Since crystallographically
a decrease o f tetragonality is observed with increasing Zr 0

7

concentrations, the loss o f

tetragonality is thus corelated w ith increasing stability against monoclinic distortion. In
fact, all o f the oversized trivalent dopants have the same concentration dependence in
their effect on tetragonality, and all have the sam e tetragonal/m onoclinic(t/m ) boundary,
whereas undersized trivalent dopants have less effect on tetragonality and have a higher
t/m boundary[l 17].

6.2.3. SUMMARY
Low tem perature degradation o f 3Y -TZP ceram ic after hydrotherm al treatm ent can be
effectively prevented by the surface La 2 C>3 - and Fe 2 0 3 doping for 1 hour. Surface 1-hour
La 2 C>3 -doped m aterials did not show the obvious decrease in mechanical properties shown
when m ore than 0.5m ol% La 2 C> 3 was doped through the bulk 3Y -TZP ceramic. This
behavior is attributed to surface doping overcom ing the form ation o f La 2 C> 3 and La 2 Zr 2 0

7

since the extra La 2 C>3 can further diffuse to the center o f 3Y -TZP ceramic. However,
com pared with surface La 2 C>3 m odification, the effect o f surface Fe 2 C>3 modification is
relatively weak. The im proved

transform ation stability o f 3Y -TZP after the surface

La 2 C>3 and Fe 2 C>3 m odification provides a further confirm ation that oversized trivalent
dopants are m ore effective than undersized trivalent dopants in stabilizing the cubic and
tetragonal phases.

6.3. DIVALENT DOPANTS: CuO AND MgO
6.3.1. INTRODUCTION
Since both tetravalent and trivalent dopants has been effectively used for surface doping
for Y -TZP in preventing low tem perature environm ental degradation, it will be very
interesting to see the influence o f divalent dopants on LTED. CuO and M gO have been
reported to sucessfully prevent hydrotherm al aging at low tem peratures when they were
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used as bulk-dopants [180, 358]. Therefore, surface CuO-doping and M gO -doping o f 3YTZP ceramics was investigated as a means o f overcom ing this degradation by
hydrotherm al corrosion.

6.3.2. RESULTS AND DISCUSSION
The average grain size and relative density o f the 3Y-TZP ceram ic sam ples sintered at
different temperatures are given in Table 6-3-1. The bending strengths o f surface CuOdoped 3Y-TZP at different treatm ent times both before and after hydrotherm al corrosion
are com pared with 3Y-TZP and surface M gO-doped 3Y-TZP sam ples in Fig.6-3-1.

Table 6-3-1 Average grain size at surface and relative density and facture toughness o f
3Y-TZP ceram ic sam ples sintered at different temperatures____________________________
Tem perature

1400°C

1500°C

1600°C

Grain size (pm)
R elative density (%)
Fracture toughness
(M Pam 1/2)

0.35±0.06
98.9

0.60±0.04
99.1

6 .0

1 0 .0

1.00+0.09
99.5
15.0

The degradation on hydrotherm al corrosion for the surface M gO-doped 3Y -TZP samples
is less than for the CuO -doped 3Y -TZP samples. The low er bending strength o f surface
C uO -doped 3Y-TZP com pared to surface M gO -doped materials may be attributed to its
conflicting influences on the tetragonal phase stability. The addition o f CuO was
observed to be either beneficial or detrim ental to the tetragonal phase stability depending
on the relative am ount (less than

0

.2 wt% prom otes a higher tetragonal phase stability at

room temperature, but more than 0.2wt% has a detrim ental effect) [358], M ore detailed
inform ation on the effect o f the exposure tim e in a hydrotherm al environm ent on the
m onoclinic phase content o f 3Y -TZP after surface-doping at different times is given in
Fig.6-3-2 and is com pared with that for 3Y -TZP without any surface treatm ent. A good
resistance o f 3Y-TZP to hydrotherm al corrosion was found after surface M gO-doping.
H owever, com pared w ith surface M gO modification, the affect o f surface CuO
m odification on stability is relatively w eak (some m -phase is form ed) for the same doping
tim es (1 hour and 2 hours). Thus the surface layer that is stabilized by either M g or Cu
ions is different, even though they are both divalent dopants.
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Fig. 6-3-1 Bending strength fo r 3Y -TZP and different surface heat treated 3Y -TZP
sam ples before and after hydrotherm al treatm ent at 200°C and 1.2MPa for different
exposure times.
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Fig. 6-3-2 Com parison o f the m -phase content for 3Y-TZP and different surface heat
treated 3Y -TZP samples before and after hydrotherm al treatm ent at 200°C and 1.2MPa
for different exposure times.
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It has previously been reported [358] that above the eutectic point (see Fig. 6-3-3 at
1110°C to 1130°C), the Y 2 CU2 O 5 com pound will melt to form Y 2 O 3 and a Cu-rich liquid.
Also, an interm ediate phase with the com position Y2CU4O5 coexists between 9901105°C. This interm ediate phase will also dissociate to form Y 2 O 3 and a liquid when
heated above 1110°C as shown schem atically in Fig. 6-3-3. Therefore, m ore Y 2 O 3 would
be taken into solution by the Cu-rich liquid as the sintering tem perature increases. For
higher dopant levels (longer surface doping times), greater am ounts o f the Cu 2 0 -rich
liquid will be formed during sintering, resulting in more yttria being taken into solution.
Therefore, the am ount o f yttria rem aining in the surface o f 3Y -TZP w ould have been
reduced below the m inim um am ount for stabilization to occur. H ow ever, small amounts
o f CuO form a liquid which can act as a conduit allowing yttria re-distribution.
D issolution into the Cu-rich liquid will facilitate the re-disitribution by diffusion o f Y3+
into the 3Y-TZP grains resulting in the higher stability o f tetragonal phase in the surface
at low sintering tem peratures (< 1300°C) [358]. Such behaviour is shown in the results in
Fig. 6-3-2.
Com pared with surface CuO m odification, the effect o f surface M gO modification is
totally different. Swain [177] found that the tetragonal zirconia phase in M g-PSZ
(partically stabilized zirconia) is m ore stable in a m oist environm ent than some
m odifications o f 3Y-TZP. T he isolated nature o f the tetragonal phase precipitated in the
stable cubic zirconia matrix phase may contribute to less susceptibility to aqueous attack
[177]. Since the sintering tem perature is around 1500°C for surface M gO m odification,
both cubic and tetragonal phases m ay coexist after surface treatm ent as shown Fig.2-25 in
C hapter 2 [159]. XRD test results on the surface o f the M gO -doped 3Y -TZP samples
confirm ed the presence o f a stable cubic phase.
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Fig. 6-3-3 Pseudo-binary phase diagram o f the Y 2 O 3 -CUO system in air [358]

6.3.3. SUMMARY
T he low tem perature degradation o f 3Y -TZP can be prevented by surface CuO- and
M gO-doping. For surface C uO -doped 3Y -TZP, this behavior is attributed to re
distribution of yttria when sm all am ounts o f CuO form a liqiud w hich can act as a
conduit. H owever, the effects o f surface M gO m odification results from the isolated
nature o f the tetragonal phase w hich is precipitated in a stable cubic zirconia m atrix
phase.
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6.4. COMPARISON AMONG CATION STABILIZERS AND THE EFFECTS OF
TRANSFORMATION LAYER THICKNESS

6.4.1. COMPARISON AMONG TETRA VALENT, TRIVALENT AND DIVALENT
CATION STABILIZERS
The com parative results on the effectiveness o f tetravalent, trivalent and divalent cation
stabilizers on the inhibition o f LTED are sum m arized in Fig. 6-4-1. Regardless o f
different treatm ent tim es, the best one (perform ance) was selected for each cation
stabilizer for com parison based on the current study results. Bending strength is used as
the evaluation criterion for this com parison.

1200

□ Before hydrotherm al treatm ent
1000

£

982

■ A fte r hydrotherm al treatm ent

600

3Y-TZP

3Y3Y3Y3Y3Y3YTZP+surface TZP+surface TZP+surface TZP+surface TZP+surface TZP+surface
Ce02-doping Ge02-doping
La203F e203MgO-doping CuO-doping
(12hrs)
(12hrs)
doping (1 hr) doping (1 hr)
(2hrs)
(0.5hr)
Method of Treatment

Fig. 6-4-1. Com parison o f the effectiveness o f tetravalent, trivalent and divalent cation
stabilizers on inhibition o f LTED.
As can be seen from Fig. 6-4-1, it is found that the best three cation stabilizers are LaiOa
(1st), M gO (2nd) and C e 0 2 (3rd) if evaluated based on the final bending strength that can
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be obtained after hydrotherm al treatm ent. H owever, if the retention o f bending strength is
selected as the evaluation criterion, the best cation stabilizers are G e 0 2 (98.3% retained),
Fe 2 0

3

(98.2% ), and La 2 0

6.4.2. T H E

3

EFFECTS

(98.1% ).

OF

T R A N S F O R M A T IO N

LAYER

T H IC K N E S S

ON

B E N D IN G S T R E N G T H
It has been found [176] that even though the degree o f phase transform ation on the
surface o f 3Y-TZP was alm ost the sam e, the degree o f degradation o f the bending
strength can be quite different. It is believed that this behaviour may be due to the
difference in the transform ation layer thickness w hen samples have different grain sizes.
By applying the sm all-scale yield approxim ation, the stress field around the crack tip is
given by [4 5 ]:

Sr = K ,c f ( 0 ) /( 2 r o ) 1 /2

(6-4-1)

w here Kic is the crack tip stress intensity factor, r is the distance from the crack tip and
f(0) is the angular-dependent term . B ecause f(0) is unity at right angles to the crack plane,
the following equation can be derived:

log Sr = log K ic / (2tc) 1 /2 - ( 1 / 2 ) log r

(6-4-2)

The relation between the bending strength, S, and the transform ation layer thickness, C, is
shown in Fig. 6-4-2. As can be seen in Fig. 6-4-2, the bending strength is alm ost constant
for specim ens with different grain sizes until the transform ation layer thickness exceeded
50 |im , and then it decreased w ith increasing transform ation layer thickness. These results
indicated that the critical flaw length o f as-sintered 3Y -TZP was about 50|im . O ur test
results agree well with those o f Sato et al.[176]. H ow ever, plots o f logS against logC were
fitted to a line only calculated using equation 6-4-2 w ith a value o f 15M Pam 1/2 for Kic in
S ato’s study [176]. If a value o f 10 or 6 M P am 1 /2 for Kic are substituted into Equation 6-4-
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2, the calculated lines do not agree well with the test results. Since the difference in
fracture toughness results from a difference o f grain size (see Table 6-3-1), then Equation
6-4-2 can be m odified into Equation 6-4-3 by the addition o f a new term ( - log a ) which
is related to grain size:

log Sr = log Kic / (2tc) j / 2 - (1/2) log r - log a

(6-4-3)

w here a is the grain size corresponding to materials with different fracture toughnesses as
shown in Table 6-3-1. The experim ental results agree very well with the calculated values
(three decline lines were calculated from three different fracture toughnesses) using
Equation 6-4-3, as shown in Fig. 6-4-2. A nd the optical photograph o f transform ed layer
on the surface o f 3Y -TZP after LTED is shown in Fig. 6-4-3.
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Fig. 6-4-2 Relationship betw een bending strength and transform ation layer thickness for
3Y -TZP with different grain sizes
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Transformed layer

Fig. 6-4-3 Optical photograph o f transformed layer on the surface o f 3Y -TZP after LTED

6.4.3. SU M M A R Y
1). It is found that the best three cation stabilizers are La 2 0 3 (1st), M gO (2nd) and Ce 0 2
(3rd) if evaluated based on the final bending strength that can be obtained after
hydrotherm al treatment. However, if the retention o f bending strength is selected as the
evaluation criterion, the best cation stabilizers are Ge 0 2 (98.3% retained), Fe 2 0 3 (98.2%),
and La 2 0 3 (98.1%).
2). The bending strength is alm ost constant for specim ens with different grain sizes until
the transform ation layer thickness exceeded 50 pm , and then it decreased with increasing
transform ation layer thickness. These results indicated that the critical flaw length o f assintered 3Y-TZP was about 50pm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 7

SURFACE ENGINEERING #2

182

CHAPTER 7

INHIBITION Of DEGRADATION BY SURFACE DOPING WITH
CATION STABILIZERS: PART 2, LIQUID INFILTRATION

7.1. INTRODUCTION
G enerally, all preventive m ethods can be grouped as either “bulk” or “surface”
m ethods[168, 359]. The bulk methods are those which render the bulk Y -TZP stable
against degradation. H owever, although the degradation o f the Y-TZP is inhibited by
using these methods, a partial loss o f its mechanical properties usually results because of
the reduced transform ability. The other group o f m ethods involve surface m odification o f
the Y -TZP by form ing a surface layer that is resistant to the degradation, since the
degradation o f Y-TZP initiates at the surface. These surface methods can both prevent
degradation and maintain the mechanical properties o f the bulk. However, many o f these
surface m odification methods yield bodies in which there is an abrupt transition in
m aterials com position and properties across the boundary between the m odified region
and the bulk. This often results in sharp local concentrations o f stress which can disrupt
the integrity o f the bond between the two zones or lead to failure with the zones due to the
existence o f a m ism atch in the properties (such as therm al expansion coefficient). Also,
the requirem ent of a costly additional processing step when the TZP ceram ic is a
com plicated shape, make them difficult to apply.
The liquid precursur infiltration m ethod for surface m odification o f ceram ics and their
com posites has been shown to be an efficient surface m odification m ethod in fabricating
a variety o f unique m icrostructures with graded therm om echanical properties [285, 359].
This new approach deliberately seeks to produce strong bonding betw een the surface
m odified zone and the bulk w ith a gradual change in therm al expansion coefficient (TEC)
and form s surface com pressive stresses when the surface infiltrated material has a lower
TEC than the bulk material.
Since the difference in therm al expansion coefficients is greater for m ullite and YT Z P /A I 2 O 3 com posite than for A I 2 O 3 and zirconia. Thus, surface m odification o f Y-
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TZP/A lum ina com posites by incorporation o f m ullite as a second phase was attem pted by
fabricating an infiltrated functionally graded m ullite/yttria-stabilized tetragonal zirconia
polycrystal/alum ina composite.

7.2. R E S U L T S AND D IS C U S S IO N
The

procedures

followed

in

fabricating

surface

m odified

m ullite/A l 2 0 3 / 3 Y-TZP

specim ens are described in detail in Section 3.1.2.6. Only a brief introduction o f the
materials preparation will be given here. The porous AI2 O 3 / 3 Y-TZP com posites were
infiltrated by im m ersing them in an ethyl silicate solution. The depth o f liquid penetration
can be controlled by the length o f time that the specimen is left in the solution

(1 0

seconds to 24hours, i.e. 86400 seconds, were applied.). The specim ens were then sintered
at 1600°C and 1700°C for 2.5 hours in air to decom pose the infiltrant, bring about the
m ullite form ation reaction, and densifying the specim ens. Selected samples sintered at the
different tem peratures were annealed in a hydrotherm al corrosion environm ent (in an
autoclave with water) at 200°C and 1.2MPa for 144 hours. Three specim ens were tested
for each condition and the average value was used for com parison in this Chapter.

Table 7-1 A verage grain size for 3Y-TZP and aspect ratio for mullite at surface and
relative density for sam ples o f surface m ullite-m odified 3Y -TZP/A lum ina com posites
sintered at 1600°C or 1700°C.
M ethod o f treatm ent

Sintered 1600°C

Sintered 1700°C

Relative density (%)

98.5

99.1

Grain size (|im )

(for 3 Y -TZP only)

2.5

3.4

Grain size (|im )

(for m ullite only)

4.6

6.3

A spect ratio

(for m ullite only)

1.3:1

2

.8 : 1

The average grain size for 3Y -TZP and M ullite, the aspect ratio for mullite at the surface
and the relative density for surface m ullite-m odified 3Y -TZP/A lum ina com posites
sintered at different tem peratures are given in Table 7-1. The relative density of the
surface m ullite-m odified 3Y -TZP/A lum ina com posite increases slightly as the sintering
tem perature increases. The effect o f the incorporation o f mullite into 3Y -TZP/A lum ina
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com posites on its relative density was overcom e when relatively high sintering
tem peratures (such as 1700°C) were applied (as shown in Table 7-1, 99.1% relative
density was obtained.). Also, relatively larger average grain sizes for 3Y-TZP and aspect
ratios for m ullite were observed at the higher sintering temperatures.
The concentration distribution o f mullite for different infiltration times is shown in Fig. 71

.

£

10

Time, (s)

Depth, x10( pm )

S I - 1 0 s; S2 —60 s(lm in); S3 - 1800 s (30min); S4 - 14400 s (4hs); S5 - 43200 s (12hs); 5 6 86400 s (24hs)

Fig.7-1. Concentration distribution o f m ullite content as a function o f infiltration time

The concentration gradients o f m ullite show a decreasing concentration with increasing
depth into the sample for all infiltration times. W ith increasing infiltration tim e, the
surface m ullite concentration tends to increase towards a saturation value.
Three possible reasons have been proposed [285] to explain the above results in Fig. 7-1,
namely: ( 1 ) filtering o f the sol as it infiltrates the body, ( 2 ) incom plete filling o f the pores
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initially, with backfilling behind the infiltration front, and (3) liquid redistribution within
the preform at some point in the processing after the infiltration step. It is believed that
contributions from any, or all, o f these could give rise to gradients in com position.
The origins o f mullite form ation have been the subject o f extensive but controversial
investigations [360]. M any studies have been concerned with the kaolinite-m ullite
reaction series and m ajor problem s have rem ained regarding the nature o f metakaolin, the
m anner in which it transform s into a spinel-type phase and mullite, as well as the relation
o f this spinel-type phase to m ullite. The model proposed by Low et al [360] has elegantly
shown the presence o f alum inium ions with both coordination num bers (atom s in both
octahedral coordination and tetrahedral coordination) in the spinel. It helps to clarify the
structure and com position o f the spinel and rem ove the controversy that exists over the
Al-Si spinels. Their proposition is consistent w ith the results reported by various workers.
Table 7-2 sum m arizes the A l(iv) and Al(vi) content o f some com pounds that have been
calculated theoretically.

Table 7-2 Theoretical Al(iv) and A l(vi) contents o f some com pounds
Compound

%Al(iv)

%Al(vi)

Total

Total

37.5

62.5

[361]

(Al7, o.9)iv(Al14.2 ,.8)vi0 32

33.3

6 6 .6

[362]

S h (A l 102/3 51/3)V'032

0

10 0

[361]

Al-Si spinel

(Si4.9Al3.,)iv (Aln.7 4.3)vi0 32

20.9

79.1

[363]

Al-Si spinel

(Si4Al4)iv (Al12 4)vi0 32

25

75

[360]

Al-Si spinel

(Si4Alx 4-x)iv (A116.x x)vi0 32

0-25

75-100

[360]

(3:2) M ullite

3Al203«2Si02

55.5

44.5

[364]

(2:1) M ullite

2Al203»Si02

58.3

41.7

[364]

Al spinel
Al spinel
Al-Si spinel

*where

Form ula

A h ( A / 1 3 1 /3

22/3) V1

O 32

Reference

represents a vacancy and (iv) and (vi) are the coordination states o f aluminium ions.
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Low et al.’s study [360] found that the transform ation o f the spinel to (2:1) mullite is a
gradual and continuous process because o f the rem arkable resem blance in the
com position and structure between these two phases. A ccording to the proposed model
[360] for the com position o f the cubic Al-Si spinel and the content o f tetrahedral
alum inium ions in the spinel (<25% ), (2:1) mullite (58.3% ) and (3:2) m ullite (55.5% ), the
formation o f (2 : 1 ) m ullite from the spinel would inevitably involve a redistribution of
alum inium ions, probably via lattice diffusion, w hereby some octahedral alum inium ions
migrate to tetrahedral sites, causing the content o f alum inium ions with tetrahedral
coordination to increase. The presence o f a large num ber o f vacancies and their ordering
mechanism may serve to enhance this process, giving rise to a gradual im provem ent in
crystallinity and ionic bond strengths. Form ation o f (3:2) mullite from (2:1) mullite is far
more com plicated than the reduction o f alum inium ions with four-fold coordination
because they have rather different com positions, unit cell volum es and crystal defect
concentrations or morphology. In practice, the (2:1) m ullite form ed would decom pose
into the stable phases o f (3:2) m ullite and corundum (-1 9 % ) as follows[360]:

2(2A l 2 0 3 « S i0 2)
(2:1) m ullite

->

3A l 2 0 3 » 2 S i0 2
(3:2) m ullite

+

A12 0

3

(7-1)

corundum

M icrographs o f the infiltrated sam ple are shown in Fig. 7-2 at the early stages o f mullite
form ation (the elongated grains have not yet been com pletely formed). The grey grains
are zirconia and alumina, and the light grains are mullite. At 10|im depth, many light
grains are observed. The num ber o f these grains decreases with increasing depth, which
indicates that the surface o f the as-fired infiltrated sam ple is m ullite rich and that the
m ullite content decreases w ith increasing depth.
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m

1

*

*>
#

,

(d)

Fig.7-2. SEM m icrographs o f the as-fired (at 1600°C for lh r only) infiltrated samples
after infiltrating 24hrs at the beginning state o f mullite formation at depths o f (a) 70pm ,
(b) 50pm , (c) 25pm and (d) 10pm (near the surface). The grey grains are zirconia and
alumina, and the light grains are mullite.

oO
0)
V)
fa
o
;e

Infiltration tim e,

73

o
c
o

(s)

2
"

48

72

E xposure tim e , (h)

SI — 86400s;

S2 — 43200 s;

120

144

S3 — 14400 s;

S4 — 1800s;

S5 — 60 s;

S6 — 1 0 s

Fig. 7-3. Comparison o f m -phase content for surface m ullite-m odified 3Y -TZP/A lum ina
com posites for different infiltration tim es after hydrothermal treatment at 200°C and 1.2
MPa.
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Fig. 7-4 C om parison o f m -phase content for 3Y-TZP (**D ata from Ref. 181) and 3YTZ P/M ullite-A lum ina (* D ata from Ref. 351, 365) and surface m ullite-m odified 3YTZP/A lum ina com posites after hydrotherm al treatm ent at 200°C and 1.2 MPa.

T he effects o f the exposure tim e in a hydrotherm al environm ent on the monoclinic phase
content (tetragonal phase stability) for different infiltration tim es are shown in Fig.7-3. It
can be seen from Fig. 7-3 that only w hen the infiltration tim e is long enough (>12hrs),
(i.e. the depth o f infiltration layer reachs certain level (>70|im ) and the average volum e
fraction o f infiltrated m ullite w ithin the infiltration zone is m ore than

1 0

wt% ) can the

t-» m phase transform ation effectively be inhibited (see Figs. 7-1, 7-3 and 7-4). Further
com parisons o f the m -phase content for 3Y -TZP[181] and 3Y -TZP/M ullite-A lum ina[351,
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365] with surface m ullite-m odified 3Y -TZP/A lum ina com posites after hydrotherm al
treatm ent at 200°C and 1.2 M Pa are shown in Fig. 7-4. In contrast to 3Y-TZP, which
shows a poor resistance to hydrotherm al corrosion (more m -phase is form ed) and bulk
m ullite-doped

3Y -TZP/A lum ina

com posites,

both

surface

m ullite-m odified

3Y-

TZ P/A lum ina com posites show excellent resistance (alm ost no m -phase was detected) to
hydrotherm al corrosion.
The infiltration method for introducing mullite (with a very low coefficient o f thermal
expansion in com parison with that o f 3Y-TZP and alum ina) into a 3Y -TZP/A lum ina
com posite was chosen for this w ork because it was felt that the form ation o f a com posite
layer in the surface region (with a lower coefficient o f thermal expansion) could lead to
the form ation o f residual com pressive surface stresses during heat treatm ent and, hence,
strengthening. To precisely m easure geom etric change o f a functionally graded material
(FGM ), or the distribution o f local therm al expansion, two- or three-dim ensional very
com plex m easurem ent techniques m ust be used, such as laser interferom etry o r digital
im age correlation[366]. In order to simplify the calculation, the m ost sim ple m odel, the
V oight estim ate was selected since no model exists that is com pletely accurate for
calculating the therm al expansion coefficient (TEC) for the full range o f com positions
[366].

otc = V a*(Xa + V b#0Cb

(7-2)

w here otc is the TEC o f a com posite, V A and V B are the volum e fraction o f A and B, a A
and (Xb are the TEC o f A and B, respectively. The average value o f TEC for m ullite, 3YTZP and alum ina (i.e. 5 .7 x l0 ' 6 /K, 9 .7 5 x l0 ‘6/K and 7.9xlO ‘6 /K ) w ere used as a
reference[367].

The

calculated

TEC

values

for specim ens

infiltrated

for 24hrs

(corresponding to the volum e fraction o f m ullite for S 6 in Fig. 7-1) are show n in Fig. 7-5.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 7

191

SURFACE ENGINEERING #2

9.5

8.5 M

Depth, (pm )

Fig. 7-5 The distribution o f the therm al expansion coefficient with the depth o f infiltrated
mullite

The graded com posite displays a gradual change in TEC due to the presence o f mullite.
T he low er TEC in the surface region will lead to a decrease in therm al stress.
The bending

strengths

and

fracture

toughness o f surface

m ullite-m odified

3Y-

TZP/A lum ina com posites before and after hydrotherm al corrosion are com pared with 3YTZP and bulk mullite-doped 3Y -TZP/A lum ina com posites in Figs.7-6 and 7-7.
D ue to the higher Y oung’s m odulus and the dispersion effects o f AI2 O 3 , the bending
strength for both surface m ullite-m odified 3Y -TZP/A lum ina com posites and bulk m ullitedoped 3Y -TZP/A lum ina com posites, were slightly increased com pared to 3Y-TZP even
before annealing in hot water. There is little, or no, further degradation on hydrotherm al
corrosion

for

the

surface

m ullite-m odified

3Y -TZP/A lum ina

com posites,

dem onstrating their high resistance to degradation.
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Fig. 7-6 B ending strengths for 3Y-TZP (**D ata from Ref. 181) and 3Y -TZP/M ulliteA lum ina (* D ata from Ref. 351, 365) and surface m ullite-m odified 3Y -TZP/A lum ina
com posites before and after hydrotherm al treatm ent at 200°C and 1.2 M Pa for different
times.

T he typical m icrostructure o f 3Y -TZP/M ullite-A lum ina com posite at the surface when
sintered at 1700°C after the m ullite com pletely formed, (elongated grains are mullite,
both un-reacted alum ina and zirconia grains are equiaxed.) can be seen in Fig. 7-8.
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Different
m aterials and
processes

Exposure tim e, (h)

S I — 3 Y -T Z P * * ;
S -l

—C o m p o s i t e

s in te r e d a t

S 2 — C o m p o s ite s in te r e d a t 1 5 0 0 X 7 * ;

/ 700

S3

—C o m p o s i t e

s in te r e d a t 1 6 0 0 X 1 *

30*; S 5 — S u r fa c e m o d ific a tio n a t 1 6 0 0 30; S 6 — S u r fa c e m o d ific a tio n a t

/ 700

30

Fig. 7-7 Fracture toughness for 3Y-TZP (**D ata from Ref. 181) and 3Y-TZP/M ulliteA lum ina (* Data from Ref. 351, 365) and surface m ullite-m odified 3Y -TZP/A lum ina
com posites before and after hydrotherm al treatment at 200°C and 1.2 M Pa for different
times.

Fig.7-8. M icrostructure o f the as-fired (at 1700°C for 2.5hr) infiltrated samples at the
surface after the m ullite com pletely formed. The light grains are zirconia and the grey
grains are mullite.
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fracture

toughness

of

surface

m ullite-m odified

3Y -TZP/A lum ina

com posites decreases som ew hat after hydrotherm al treatm ent, they remain as tough, or
tougher, than hydrothermal treated 3Y-TZP. It is shown that the introduction o f m ullite as
a second phase in the surface o f com posite is effective in inhibiting the low tem perature
degradation o f Y-TZP/AI 2 O 3 com posite. The partial loss o f Y -TZP/A I 2 O 3 com posite’s
m echanical strength and fracture toughness due to the introduction o f Al2C>3[234], is
prevented (see Fig.7-7). The difference in the therm al expansion coefficients is greater for
m ullite and Y-TZP/AI 2 O 3 as discussed previously. It is believed that this increase is very
im portant in generating surface com pressive stresses. Also, since the AI2 O 3 necessary for
form ing mullite (as shown in reaction (7-3) [285]) is already present in the com posite,
pores need only be used to introduce S i 0 2 into the system. Therefore, the AI 2 O 3 already
in the com posite will tend to maximize the am ount o f the second phase that can be
form ed and makes this m ethod quite simple and effective:

3A12 0 3 + 2 S i0 2 -> 3Al2 0 3 * 2 S i0 2

(7-3)

The superior resistance o f surface m ullite-m odified 3Y -TZP/A lum ina com posites to
hydrotherm al corrosion can be attributed to the contributions o f AI2 O 3 . D ue to its higher
Y oung’s m odulus (about 390 G Pa[335]), the free energy change for the strain free energy
term will be increased with the addition o f AI2 O 3 : for a detailed discussion and analysis
see Section 4-2 in Chapter 4.
In C hapter 4, all potential toughening m echanism s were system ically analyzed in order to
explain the toughening contribution o f elongated m ullite grains on the surface o f samples.
The study showed that the main contribution o f the elongated m ullite grains is to the AKic
(grain debonding) term. Thus, if we assum e that is no interaction betw een the main
toughening mechanisms, the contribution o f the elongated m ullite grains due to grain
debonding for the different sintering tem peratures can be calculated by equation (4-6).
O ur previous calculations for bulk m ullite-doped 3Y -TZP/A lum ina com posites sintered at
1600°C and 1700° give values o f 1.21M Pa»m 1/2 and 2.35M Pa»m l/2, respectively.
Considering that the reaction o f AI2 O 3 and Si 0 2 in form ing m ullite on the surface will
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decrease the volum e fraction o f alum ina on surface, the grain bridging contribution of
alum ina grains to the toughening within the certain surface depth will have to be made up
by the grain debonding o f elongated m ullite grains in order to retain the high fracture
toughness. Since the surface m ullite-m odified 3Y -TZP/A lum ina com posites sintered at
1700°C show the highest fracture toughness (see Fig. 7-7) both before and after
hydrotherm al corrosion, it also dem onstrates that the volum e fraction o f m ullite grains on
the surface o f surface m ullite-m odified 3Y -TZP/A lum ina com posites must be higher than
that o f m ullite grains in bulk m ullite-doped 3Y -TZP/A lum ina com posites (with 10wt%
m ullite). This agrees well with the actual m easurem ent o f average mullite weight
percentage within the surface region, which is more than

10

wt% for the infiltration

sam ples after 24hrs.

7.3. S U M M A R Y
A

m ullite/yttria-stabilized

tetragonal

zirconia

polycrystal/alum ina

(m ullite/3Y-

TZP/AI 2 O 3 ) com posite with graded transform ation stability was fabricated by an
infiltration method. It is believed that the graded transform ation stability can be attributed
to the existence o f a concentration gradient o f mullite, with the concentration decreasing
with increasing depth into the sam ple. The graded com posite displays a gradual change in
therm al expansion values due to the presence o f m ullite. The partial loss o f the YTZP/AI 2 O 3

com posite’s m echanical

strength

and

fracture

toughness

due

to the

introduction o f AI2 O 3 , can be prevented. It was found that the introduction o f mullite as a
second phase in the surface o f the com posite is very effective in inhibiting the low
tem perature degradation o f the Y-TZP/AI 2 O 3 com posite when the average volum e
fraction o f infiltrated m ullite w ithin the infiltration zone is m ore than

1 0

depth o f infiltrated mullite is m ore than 70 |im .
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CHAPTER 8

INHIBITION OF LOW TEMPERATURE ENVIRONMENTAL
EFFECTS BY SURFACE DOPING WITH ANION STABILIZERS
8.1. INTRODUCTION
Com pared to the different cation-stabilizers, which have been extensively investigated for
their stability effects on TZP, little attention has been paid to anion stabilizers. One
possible reason is that the role o f anion stabilizers has not been fully understood.
H owever, Z r 0 2 can be stabilized equally effectively for the prevention o f degradation in
Y-TZP by anions as w ell as cations. An exam ple o f an anion stabilizer for Zr 0 2 is
nitrogen, in which the nitrogen ions replace the oxygen ions to produce oxygen vacancies
[167, 168]. Since carbon is the nearest elem ent to nitrogen in both atom size and electron
configuration, using carbon as an anion stabilizer, or using both carbon and nitrogen, to
prevent the degradation o f 3Y -TZP seem ed to have potential.

8.2. THE ROLE OF CARBON ON THE PHASE STABILITY OF Y-TZP AT LOW
TEMPERATURES
Raw zirconia powders containing 3mol% Y 2 O 3 were used to fabricate the 3Y-TZP
specim ens. Detailed preparation methods can be found in C hapter 3. Som e o f the sintered
3Y -TZP sam ples with a m irror surface were further heat treated by a carburizing process
in w hich the samples were buried in graphite pow der at 1200°C to 1600°C for 1 to

8

hours to form carbon-stabilized surface layers by solid phase diffusion m ethod to
investigate the carburizing kinetics. Some o f the sintered sam ples with a m irror surface
w ere further heat treated for 1 to

8

h at either 1700°C under flow ing nitrogen gas or

1500°C under a carbon potential o f 1.0wt% by liquid com pound dissipation from
kerosene at high tem perature to form nitrogen- and carbon-stabilized surface layers by the
gas diffusion m ethod for com parison purposes. The test for the low tem perature
degradation was perform ed at 200°C in w ater/steam at 1.2M Pa up for to 400h for heat
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treated 3Y-TZP specim ens. The high tem perature oxidation tests for surface-carburized
3 Y-TZP was perform ed at 1500°C for

8

h in air.

m

2 0

4 0

3 0
2

o

6

A. X R D pattern o f the water degraded 3Y-TZP

2 0

3 0

2

4 0
o

B. X R D pattern o f the w ater-degraded 3Y-TZP after carburizing at 1 6 0 0 C fo r 4 hrs

Fig. 8-1 XRD patterns o f 3 Y-TZP samples after different treatments

T he XRD patterns show that there is alm ost 70% monoclinic-phase existing in the surface
o f 3Y -TZP samples after a 400 hrs w ater degradation treatm ent at 200°C (see Fig. 8-1 A).
A fter a carburizing treatm ent at 1600°C for 4 hrs for the water-degraded 3Y-TZP, 60% o f
the m -phase was transform ed back to the tetragonal phase as shown in Fig. 8-1 B, where
the clear

(1 1

l ) t peak can be observed in com parison with the diffraction pattern for the
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sample before carburizing. It is obvious that some o f the m -Zr 0 2 was transformed into tZrC>2 after being carburized because carbon can either enter the ZrC>2 lattice or form some
structure with Zr and O and play the role o f stabilizing t-ZrC>2 .
SEM shows that as-sintered 3Y -TZP has a relatively narrow grain size distribution before
any treatments as shown in Fig. 8-2. An average value o f 0.8pm was obtained by the line
intercept method [304]. The tetragonal phase content at different carburizing temperatures
and times (for those surface degraded sam ples) is shown in Figs. 8-3 and 8-4.

Fig. 8-2 SEM m icrograph o f 3 Y-TZP after sintering at 1600°C for 3 hrs

As shown in Fig. 8-3, more tetragonal phase was formed with increasing carburizing
temperature. This reflects the fact that the diffusion rate o f carbon is increased as the
carburizing temperature

increases. The volum e o f tetragonal phase is increased

approxim ately in an exponential rate law m anner with an increase in carburizing
temperature and in a parabolic rate law m anner with the increase o f carburizing time
which shows that the transform ation from m onoclinic to tetragonal phase is controlled by
a diffusion process.
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Fig. 8-3. Relationship betw een tetragonal phase content and carburising tem perature after
8 hrs carburising treatment.
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Fig. 8-4. R elationship betw een tetragonal phase content and carburising tim e when
carburising at 1500°C.
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Table 8-1: Average grain size for surface-carburized and surface-nitrided 3Y-TZP at
samples surface____________________________________________________________________
M ethod o f treatment
As- sintered
Surface-carburizing
Surface-nitriding
3 Y-TZP
Tem perature o f

None

1500°C

1700°C

0.8±0.13

1.62+0.08

2.87±0.17

treatm ent
Grain size (pm )

■ Zhao & Northwood[351]'s data for 3Y-TZP
o Experimental data after surface nitriding for 3Y-TZP
*
Experimental data after surface carburizing for 3Y-TZP
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Fig. 8-5 Bending strengths o f 3Y-TZP and surface-carburized and surface-nitrided 3YTZP before and after hydrotherm al treatment at 200°C and 1.2M Pa for different times.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 8

201

SURFACE ENGINEERING #3

The gas nitriding process was used to investigate differences in anion doping. The
average grain size for 3Y-TZP after the carburizing and nitriding processes ( 8 hrs) shows
the effect o f tem perature on grain growth (see Table 8-1). An increase in grain size with
increasing surface heat treatm ent tem perature is not surprising, and is typically observed
as we found in the work reported in Chapters 4 and

6

. This result explains why the

bending strength o f 3 Y-TZP after the carburizing is higher than that o f 3 Y-TZP after the
nitriding process, as shown in Fig. 8-5. M icrostructures for the surface-carburized and
surface-nitrided 3Y -TZP at the sam ple surfaces are shown in Figs.

8 -6

and 8-7. Com pared

to surface-nitriding with a much larger grain size, the grains o f 3Y -TZP do not grow
much after surface-carburizing.
The effect o f the exposure tim e in a hydrotherm al environm ent on the m onoclinic phase
content for material after both carburizing and nitriding treatm ents is shown in Fig.

8

-8 .

In contrast to 3 Y-TZP [168, 351], which shows poor resistance to hydrotherm al corrosion
(more m -phase is formed), an excellent resistance o f 3Y-TZP to hydrotherm al corrosion
was found after both surface-carburizing and surface-nitriding treatm ent. The x-ray
diffraction results show that there is alm ost no m -phase existing in the surface o f samples
for both surface-carburized and nitrided 3Y-TZP after a hydrotherm al treatm ent. This
show s that the heat treatm ent o f the sintered sam ples resulted in a surface layer that was
stabilized by carbon and nitrogen ions. Further annealing o f the sintered 3 Y-TZP samples
did not change the relative content o f monoclinic phase on the surface as shown in Fig. 8 8

, w hich agrees with Chung et al’s results [168]. The bending strengths o f surface-

carburized and surface-nitrided 3Y-TZP before and after hydrotherm al corossion are
com pared with 3Y-TZP in Fig. 8-5. The effect o f the introduction o f carbon into
tetragonal zirconia on the degradation is com pared with another anion, nitrogen, in Fig. 8 5. There is little, or no, further degradation on hydrotherm al corrosion for both the
surface-carburized and surface-nitrided 3Y-TZP, thus dem onstrating their high resistance
to degradation.
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Fig. 8 - 6 SEM m icrograph o f 3Y -TZP after surface-carburizing at 1500°C for 8 hrs. 3YTZP that originally had a relatively narrow grain-size distribution do not grow very much,
the residual pores inside the grains as well as at the grain boundaries can still be seen.

Fig. 8-7 SEM m icrograph o f 3 Y-TZP after surface-nitriding at 1700°C for 8 hrs. The
much larger grain size o f the nitrided 3Y-TZP results from the faster diffusion and
reaction o f nitrogen with zirconia at a higher temperature.
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—■ — Zhao & Northwood [351 ]'s data for 3Y-TZP
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Fig. 8 - 8 Comparison o f m -phase content for 3 Y-TZP and surface-carburized and surfacenitrided 3Y-TZP before and after hydrothermal treatm ent at 200°C and 1.2MPa for
different times.

In order to further study the influence o f carbon atoms on the stability o f tetragonal
zirconia, a high tem perature oxidation test was conducted. The results from the high
tem perature oxidation test, w hich was performed at 1500°C for

8

carburized 3Y-TZP sam ples (already carburized at 1500°C for

hrs), are given in Table

6

hrs in air for surface-

8-2. This shows that the heat treatment o f the sintered samples in a carbon potential
controlled gas did result in a surface layer that was stabilized by carbon ions since less tphase was found on the surface when longer oxidation times were used to remove the
carbon atoms on the surface layer. The high temperature oxidation tests for surfacecarburized 3Y-TZP further show the positive effect o f carbon ions on t-phase stability.
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Table 8-2 The high tem perature oxidation results for surface-carburized 3Y-TZP samples
Time

m-phase content at surface

t-phase or c-phase content

at1 5 0 0 °C

(%)

at surface (%)

Oh

0.3

99.7

h

20.4

79.6

4h

57.5

42.5

6

h

60.9

39.1

8

h

70.2

29.8

2

Cheng et al. [167] showed that the introduction o f nitrogen into zirconia creates oxygen
vacancies in the anion sublattice as required by charge neutrality when N ' replaces 0 " ‘ in
the structure, being sim ilar to those obtained by low er valancy cation substitution for
zirconium. There is essentially no structural difference between the cation-related
vacancy and the anion-related vacancy, and their effects on the stabilization o f zirconia
are additive. The zirconia structure can, when form ed in the Zr-Y -O-N system , tolerate a
total o f 6 % o f vacancies in the anion lattice w ithout deviating from the original fluorite
structure; above this limit, ZrN precipitates. However, up to now, there is no detailed
study about the existing position o f carbon in the zirconia structure. It is well know n that
zirconia has the cubic fluorite structure at tem perature near the m elting point (above
2370°C). The zirconium atoms form an f.c.c. lattice and each Zr-atom is surrounded by
eight oxygens form ing s prim itive cubic sublattice with a ’=a/2 (see Fig. 8-9). A t low er
tem peratures (between 2370°C and 1170°C), there is a slight tetragonal distortion from
the fluorite structure [353]. If one neglects this slight distortion in the tetragonal phase,
and only considers the f.c.c lattice form ed by zircom ium atoms, the m axim um radius o f
the tetrahedral and octahedral interstitial sites (see Fig. 8-10) can be calculated as follows
when the data for ZrCb [140] are used as a reference:

the m axim um radius o f the tetrahedral interstitial sites: Rt = 0.1042 nm
the m axim um radius o f the octahedral interstitial sites: R 0 = 0.1471 nm
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For nitrogen, when its coordination num ber is 4, the 0.161nm [368] ionic radius o f N ' is
higher than either Rt, or R0. Thus, N 3' ions can not occupy the interstitial sites o f the ZrC>2
lattice. That is why N3' ion w as only found to replace the O2’ ion and thus create oxygen
vacancies [167, 369] for charge balance. H owever, carbon seldom exists as an individual
ion due to its strong covalent characteristics. The 0.077nm atom radius o f carbon is also
sm aller than R, and R0. Theoretically, Carbon atoms can exist in both the tetrahedral and
octahedral interstitial sites. H ow ever, because m ost tetrahedral interstitial sites are
occupied by oxygen ions as shown in Fig. 8-9, the only possibility o f carbon atoms
existing in ZrCh lattice is in Z rO i’s octahedral interstitial sites. No new vacancies are
created since the access o f carbon atom s to ZrO? lattice did not bring extra electrons or a
vacancy.

Fig. 8-9 Schem atic representation o f the cubic ZrC>2 (fluorite) structure. Zr-atom s, small
spheres, oxygen atoms, large spheres. N ote that the oxygen sublattice is prim itive cubic
with a'=a/2. Every Zr-atom is surrounded by 8 oxygen atoms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 8

206

SURFACE ENGINEERING #3

Octahedral
interstitial
position

Tetrahedral
interstitial
position

Octahedral and tetrahedral interstitial positions in f.c.c. lattice
Fig. 8-10 Schem atic representation o f the cubic Zr 0 2 structure and the octahedral and
tetrahedral interstitial positions in the f.c.c. lattice.

The solid solution can be described as Zri_ 2 y Y 2 y

0 2

- y [370] for a stable doped Y-TZP,

w here y is the mole fraction o f Y 2 O 3 . For 3Y-TZP, the form ula is Zro .9 4 Y 0 .0 6 O1.97.
A ccording to defect chem istry theory, if carbon replaces oxygen by a substitutional
reaction, then 3Y-TZP can be expressed as Zr

0 .9 4

Y

0 .0 6

Oi.9 7 _2 XCx, w here x is mole

fraction o f carbon. Therefore, the density o f solid solution can be calculated as follows:

p =W / V = (4x0.94xM zr + 4x0.06xM Y+ 8 x (1.97-2x)/2 xM 0 + 8x(x/2)xM c } / PxV
( 8- 1)
where P is Avogadro constant, M is the atom ic weight, the subscripts are the elem ents Zr,
Y , O and C, and V =a 3 when the volum e is calculated by considering 3Y -TZP as a
f.c.c.structure. The above equation can be sim plified as:

p =W / V = (490.4-79.96x) / P«a3
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It can be seen from Equation (8-2) that p will decrease as the am ount of carbon increases.
This conflicts with the published results [371]. Therefore, carbon can not be present at
substitutional sites of 3Y-TZP. If carbon occupies the octahedral interstitial sites, the solid
solution can be described as

Y

Z r o .9 4

0 .0 6 O 1 . 9 7

Cx. Using the sam e m ethod as before, the

density o f the solid solution o f 3Y -TZP can be calculated as:

p = W /V = {4x0.94xM zr + 4x0.06xM Y+ 8x1.97/2 xM 0 + 4 x xxM c } / PxV =
(490.4+48x)/Pa3

(8-3)

Thus, the density o f 3Y -TZP will increase as carbon increases if carbon occupies the
interstitial sites.
The above theoretical calculation o f solid solution density for 3Y -TZP shows that the
solid solution density increases with solute atom content if the solute atom s exist in
interstitial sites (no m atter w hether it is in octahedral or tetrahedral interstitial sites)[370].
The density o f raw, as-fabricated 3Y -TZP is 5.756±0.058 g/cm '3. The density o f 3Y -TZP
sam ples after surface carburizing at 1500°C for different times are listed in Table 8-3.
The experim ental results o f bulk density m easurem ent for 3Y -TZP further show that
carbon should mainly exist in the octahedral interstitial sites in TZP lattice as pure atoms,
rather than form ing a Zr-O -C structure sim ilar to the Zr-O -N or Zr-Y -O -N structures
when nitrogen is introduced into the TZP lattice and w here oxygen atoms already occupy
m ost tetragonal interstitial sites since the density increases as the carburizing time
increases.

Table 8-3 D ensity o f 3Y-TZP sam ples after surface carburizing at 1500°C for different
times
Carburizing

1h

2h

3h

4 h

5 h

6h

7 h

8h

Density

5.874

5.891

5.973

5.982

5.984

5.982

5.993

5.998

(g/cm '3)

± 0 .0 2 4

± 0 .0 4 1

±0.038

± 0.045

± 0.032

±0.071

± 0.036

± 0 .0 4 0

time
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It well accepted that the internal stresses caused by the addition o f cation-stabilizers (such
as yttria in 3Y-TZP) is a necessary condition to retain the tetragonal phase at room
tem perature. The occupation o f interstitial sites by any inclusion atom will cause lattice
distortion. Therefore, the lattice distortion o f 3Y -TZP resulting from the diffusion of
carbon into the octahedral interstitial sites in the TZP lattice will result in a strain-stress
field to com pensate for the possible loss o f internal strain and stress due to adsorption of
w ater at the surface. This agrees well w ith Schm auder et al’s [228] analysis that the
therm al expansion difference between the a- and c- axes o f the t-phase in
was greater than that o f

3

2

m ol% Y 2 0 3

m ol% Y 2 C>3 resulting in a change in internal shear stress field,

which could increase the driving force and thus cause the transformation.

8.2.1. SUMMARY
The low tem perature environm ental degradation in w ater/steam o f tetragonal zirconia
polycrystals (TZP) doped with 3mol% yttria was prevented by heat treating the sintered
sam ples in a carbon atm osphere. It is found that carbon m ainly exists in the octahedral
interstitial sites in the TZP lattice as pure atom s, rather than form ing a Zr-O-C structure
sim ilar to the Zr-O-N or Zr-Y -O -N structures form ed after nitrogen is introduced into the
TZP lattice. Both C and N prom ote the stability o f TZP in a low tem perature
environm ent.

8.3. THE REVERSE MONOCLINIC TO TETRAGONAL TRANSFORMATION
AND MECHANICAL PROPERTY RECOVERY AND CRACK HEALING BY A
CARBURIZING TREATMENT
Som e selected samples were annealed in a hydrotherm al corrosion environm ent (in an
autoclave w ith water) at 200°C at 1.2 M P a up for to 400 hours in order to produce the
low -tem perature degradation o f 3Y-TZP. The low tem perature w ater-degraded 3Y -TZP
sam ples w ith a m irror surface w ere further heat treated by a carburizing process in which
the sam ples were buried in graphite pow der at 1200°C to 1600°C for 2 to

8

hours as

described in Section 3.1.2.4. A lso, the low tem perature w ater-degraded 3Y -TZP samples
were annealed at 1200°C in air only fo r 2hrs in order to com pare them with the
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carburizing treatment. Then, the test for the low tem perature degradation was performed
at 200°C in w ater at 1.2MPa for up to 400h for both the surface carburized and pure
annealed 3Y -TZP specim ens in order to com pare their stability. The details o f different
treatments are summarized in the flow chart given in Fig. 3-6 in section 3.2.4.
The XRD patterns show that the am ount of the tetragonal phase on the surface o f waterdegraded 3Y-TZP samples increased with tem perature during carburizing treatm ents (see
Fig. 8-11). Fig. 8-12 shows the thickness (d) o f the surface-carburized layer as a function
o f heat-trealm ent time (t) at different tem peratures. At a given temperature, the
relationship d « tn , where n ranges from 0.42 - 0.48, is found, which is in good agreem ent
with a parabolic rate law.

d = k«tl/2.

(8-4)

This shows that the carburizing process is controlled by diffusion. The diffusion process
through the surface carburized layer accounts for the parabolic rate law.

Raw material
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W ater-degraded 3 Y-TZP before

W ater-degraded 3Y -TZP carburized at

carburizing

1200°C
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Fig. 8-11 XRD patterns o f the w ater-degraded 3 Y-TZP sam ples after different carburizing
treatments
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Fig. 8-12 Thickness o f the carburizing layer as a function o f heat-treatm ent tim e for 3YTZP carburized at 1200°C, 1300°C, 1400°C, 1500°C and 1600°C.

The average grain sizes for the w ater-degraded 3Y -TZP after carburizing were com pared
with that o f pure annealing process treatm ent. Table 8-4 shows the effect o f temperature
on grain growth after the different processes. An increase in grain size with increasing
carburizing tem perature is observed. The 3Y -TZP with a large grain size is prone to phase
transform ation and, thus to low -tem perature degradation. This is shown by the higher
m onoclinic phase content o f the w ater-degraded 3Y -TZP after a pure annealing treatment
at 1200°C (0.97pm grain size) than that o f 3Y -TZP (0.8pm grain size) as shown in Fig. 8 13. This also explains why the bending strength o f w ater-degraded 3Y -TZP after the
1600°C carburizing is low er than that o f the w ater-degraded 3Y -TZP after carburizing at
1500°C due to the fast grain grow th at 1600°C (see Fig. 8-14), and also why the fracture
toughness increases after a pure annealing treatm ent as shown in Fig. 8-15 due to the
slight increase in grain size.
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Table 8-4 Comparison o f the average grain size for water-degraded 3Y -TZP after
carburizing and pure annealing treatm ents.
M ethod o f
treatm ent

C arburizing

Pure
A nnealing
[372]

Tem perature of
treatm ent

1200°C

1300°C

1400°C

1500°C

1600°C

1200°C

Grain size [pm]

0.96

1 .0 1

1.25

1.72

3.21

0.97

±0.14

±0 .2 0

±0 .1 2

±0.19

±0 .2 2

±0.16

80

1. Zhao & Northwood's [351] data for 3Y-7ZP

o \ 60

2. FUre annealing at 120CPCfor 1hr [372]
3. Carburizing at 120CPCfor 4hrs
4. Carburizing at 130CPCfor 4hrs
5. Carburizing at 140CPCfor 4hrs
6. Carburizing at 150CPCfor 4hrs
7. Carburizing at 160CPCfor 4hrs
0 Chung et als [168] data for 3Y-TZP
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Fig. 8-13 Com parison o f the m -phase content for 3Y -TZP and w ater-degraded 3Y-TZP
after different heat treatm ents before and after a hydrotherm al treatm ent at 200°C and
1.2M Pa for different exposure times.
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Treatment

1. Zhao & N o rth w o o d ’s[351] data fo r 3Y-TZP
2. Zhao & N o rth w o o d ’s[351 ] data fo r 3Y-TZP after the low
temperature hydrotherm al treatm ent
3. Pure annealing a t 1200 X f o r 1 h r f o r the water-degraded 3Y-TZP[372]
4. Carburizing a t 1200 X f o r 4 hrs fo r the w ater-degraded 3Y-TZP
5. Carburizing a t 1300 X f o r 4 hrs fo r the w ater-degraded 3Y-TZP
6. Carburizing a t 1400 X f o r 4 hrs f o r the w ater-degraded 3Y-TZP
7. Carburizing a t 1600 X f o r 4 hrs fo r the w ater-degraded 3Y-TZP
8. Carburizing a t 1 5 0 0 X f o r 4 hrs fo r the w ater-degraded 3Y-TZP

Fig. 8-14 Bending strength o f 3Y-TZP and w ater-degraded 3Y-TZP after pure annealing
and carburizing treatm ents before and after a hydrotherm al treatm ent at 200°C and
1.2MPa for 400 hrs.
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1. Zhao & N o rth w o o d ’s[351] data fo r 3Y-TZP
2. Zhao & N o rth w o o d ’s[351] data fo r 3Y-TZP after the low temperature
hydrotherm al treatm ent
3. Pure annealing at 1200 °Cfo r 1 h r f o r the water-degraded 3Y-TZP[372]
4. Carburizing at 1200X1 fo r 4 hrs fo r the w ater-degraded 3Y-TZP
5. Carburizing a t 1300 °Cf o r 4 hrs f o r the w ater-degraded 3Y-TZP
6. Carburizing at 1400X1 fo r 4 hrs f o r the water-degraded 3Y-TZP
7. Carburizing a t 1500X1f o r 4 hrs fo r the w ater-degraded 3Y-TZP
8. Carburizing at 1600 XI fo r 4 hrs f o r the w ater-degraded 3Y-TZP

Fig. 8-15 Fracture toughness o f 3 Y-TZP and w ater-degraded 3Y-TZP after pure
annealing and carburizing treatm ents before and after a hydrotherm al treatm ent at 200°C
and 1.2MPa for 400 hrs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 8

SURFACE ENGINEERING #3

215

The effect o f the exposure time in the second hydrotherm al treatm ent on the monoclinic
phase content for materials after either carburizing at different tem peratures or a pure
annealing treatment are com pared in Fig. 8-13. In contrast to 3Y -TZP[168, 351, 372],
which shows poor resistance to hydrotherm al corrosion (more m -phase is formed), a good
resistance o f the w ater-degraded 3Y -TZP to hydrotherm al corrosion was found after
carburizing at all temperatures. The x-ray diffraction results show that there is alm ost no
further m-phase formed in the surface o f the carburized 3Y -TZP(w ater-degraded) samples
after hydrotherm al treatm ents up to 400 hrs. The m -phase that was identified at the
surface of same carburized 3Y -TZP samples was due to the incom plete reverse
transform ation upon carburizing, rather than by the hydrotherm al treatm ent.
The bending strengths and fracture toughness o f 3Y-TZP and the w ater-degraded 3Y-TZP
after pure annealing and carburizing treatm ents before and after hydrotherm al corrosion
are com pared with 3Y-TZP in Fig.s 8-14 and 8-15. It was found that the degraded
mechanical properties, bending strength and fracture toughness for aged 3Y -TZP, can be
partially recovered by carburizing depending on the treatm ent tem perature. A pure
annealing treatment at 1200°C could not prevent the further low tem perature degradation
(see curve #2 in Fig. 8-13) even though the reverse transform ation from m onoclinic to
tetragonal phase of the w ater-degraded 3Y-TZP can occur at tem peratures above
750°C[373]. A ccording to Z r O i ^ O a phase diagram sum m arized by Y oshim ura[374](see
Fig. 8-16), the discrepancies in the precise location o f the equilibrium tem perature To are
due to the “non-ideal” distribution o f the oxygen vacancies as well as to the non-ideal
dopant concentration. H owever, the reverse transform ation tem perature from the
m onoclinic to the tetragonal phase for 3Y-TZP in the equilibrium state definitely occurs
below 1000°C.
The reason that carburizing can not only induce the reverse transform ation from m- to tphase in the w ater-degraded 3Y -TZP, but also retain the t-phase on further low
tem perature environm ental treatm ent, can be attributed to the unique stabilizing
m echanism o f carbon as discussed in Section 8.2.1.
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Fig. 8-16 ZrC>2 -Y 2 0 3 phase diagram (Zr 0 2 -rich region) as summarized by Yoshimura
[374].

It is found that, in the w ater-degraded 3Y-TZP specim ens, after a carburizing treatment
was performed at 1500°C for 4 hrs, m ost o f the cracks, except the macro-cracks, were
closed and healed, as shown in Figs. 8-17 and 8-18. However, macro-cracks and the
traces o f a crater created by separation o f grains during degradation still remained. It is
believed that this crack healing due to carburizing, occurred by volume shrinkage in the
monoclinic-to-tetragonal transform ation and partial sintering am ong the grains by thermal
diffusion [375]. Partial sintering contributed both to the increase in cohesive force
between the grain boundaries and to the constrained force between the particles, and so
the tetragonal phase formed by carburizing was continuously stable during cooling
because o f the increased strain energy for the tetragonal-to-m onoclinic transformation.
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(a) a macro-crack by degradation

(b) Sam e area after a carburizing treatment

Fig. 8-17 Crack closure on the polished surfaces o f 3Y-TZP caused by reverse
transform ation from m onoclinic to tetragonal phase induced by carburizing.
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(a) M icro-cracks by degradation

(b) Sam e area after carburizing treatm ent
Fig. 8-18 C rack healing on the etched surfaces o f 3Y-TZP caused by reverse
transform ation from m onoclinic to tetragonal phase induced by carburizing.
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8.3.1. SUMMARY
1. The reverse transform ation, from the m onoclinic to the tetragonal phase, can be
obtained both by carburizing at tem peratures from 1200 to 1600°C and pure annealing at
1200°C.
2. The loss o f m echanical properties in a low tem perature w ater-degraded 3Y-TZP
ceram ic can be recovered by carburizing, but not by pure annealing.
3. The stronger stability found by carburizing than by pure annealing is attributed to
the unique stabilizing m echanism o f carbon.
4. The m echanical property recovery and related crack healing can be facilitated by
carburizing treatment.

8.4. KINETICS OF SURFACE CARBONITRIDING OF YTTRIA-DOPED
TETRAGONAL ZIRCONIA POLYCRYSTALS
Com m ercial raw zirconia pow ders containing 3mol% Y 2 O 3 were used and were uniaxially
pressed at 150M Pa in a rectangular m old to form rectangular samples. The samples were
then sintered at 1600°C for 3 h in air. The detailed preparation m ethod can be found in
C hapter 3. The sintered sam ples with a m irror surface were further heat treated by a
carbonitriding process in w hich the sintered sam ples o f 3Y -TZP w ere buried in a
uniform ly m ixed pow der o f Z rN and graphite (with 2.0jLtm average size) at 1200°C to
1600°C for 1 to

8

hours to form carbon-nitrogen-stabilized surface layers. The test for the

low tem perature degradation was perform ed at 200°C in w ater at 1.2MPa for up to 400h
for surface heat treated 3Y -TZP specim ens. Surface phase analysis was carried out by xray diffraction techniques for all samples. The bulk density o f each sam ple was measured
using A rchim edes method. The average grain size was determ ined by scanning electron
m icroscopy (SEM ) and the line intercept m ethod[304, 305]. For the SEM observations,
the grain boundaries were etched in air at 1450°C for 0.5 hour. The crystalline phases of
som e specim ens were determ ined via the selected-area electron diffraction (SAED)
analysis, using TEM equipm ent. TEM also was used on thinned specim ens to study the
m icrostructures. The com bined concentration o f carbon and nitrogen at surface modified
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zone was obtained by A uger electron spectroscopy (AES). The samples after surface
carbonitriding were sectioned and polished. Before the AES line was scanned from the
surface to the bulk in the polished samples, a sputter cleaning with A r ion gun was
performed on the polished section to remove the hydrocarbon contamination.
SEM exam ination showed that as-sintered 3Y-TZP has a relatively narrow grain size
distribution. An average value o f 0.8pm was obtained by the line intercept method [304]
as shown in Fig. 8-2. The density was -9 9 % o f theoretical density. Figs. 8-19 and 8-20
show the m icrostructures and microstructural evolution o f a 3Y-TZP specim en in the
surface region that was treated in a com bined pow der o f ZrN and graphite bed
(carbonitriding) at tem peratures o f 1400°C and 1600°C for 4 hrs. A distinctive and
relatively uniform surface layer -4 0 0 pm thick was developed when carbonitrided at
1400°C for 4 hrs. When the carbonitriding tem perature is increased to 1600°C, the
carbonitriding layer consisted only o f two zones: the outerm ost equiaxed-grained region
and the inner colum nar-grained region. The outer equiaxed-grain region was -5 0 pm , and
the colum nar zone was -9 0 0 pm thick.

Fig.8-19. M icrostructure o f the
carbonitriding at 1400°C for 4hrs

surface

region

o f the

3Y-TZP
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Fig. 8-20. M icrostructure o f the surface region o f the 3Y -TZP specim en after
carbonitriding at 1600°C fo r4 h rs

The m icrostructure, com posed o f different zones, with each characteristic arrangem ent o f
grain sizes and shapes, is very sim ilar to an alloy ingot structure (with constitutional
super-cooling). Ingots are usually com posed o f three distinct zones: (1) an outer chill
zone o f equiaxed grains; (2) a colum nar zone o f elongated or colum nlike grains; and (3) a
central equiaxed zone [376]. The chill zone and the central zone with equiaxed grains o f
random orientation are explained in term s o f a typical nucleation and grow th process. On
the other hand, the colum nar zone is constituted o f grains that start at the surface o f the
chill zone and grow side by side along the direction o f heat flow: the driving force for
transform ation is highly directional. Here, the grain growth process predom inates, and
very little nucleation is observed.
S im ilar to the effects o f high super-cooling developed at the chill zone, a high level o f
nitrogen and carbon supersaturation is expected to develop at the Y-TZP specim en when
it is in contact with ZrN and graphite particles. W hen nucleation for transform ation from
tetragonal to cubic occurs, its rate is relatively high [377], which results in random ly
distributed equiaxed grains. Further, an analogy to the ingot m icrostructure can be used
for the developm ent o f colum nar grains. The grains with a favourable grow th direction
close to the nitrogen and carbon flux, i.e., perpendicular to the specim en surface, grow
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faster than others, which results in the formation o f the colum nar zone. The grains with a
favourable grow th direction close to the heat flux, grow faster, which leads to the
colum nar zone in the alloy ingot. Fig. 8-21 show s the XRD patterns that were obtained
at distances o f (a) 5 |im and (b) 250 fim from the surface in a sectioned 3Y -TZP sam ple
that was surface carbonitrided at 1600°C for 4 hrs. The stronger relative intensity o f the
(111) peak observed in Fig. 8-21 (b) com pared with that in Fig.

6

(a) suggested that the

grains at surface m odified zone grew preferentially along the < 1 1 1> direction. This shows
that the surface m odified zone can develop into a colum nar zone o f elongated or
colum nar-like grains if the surface treatm ent time and tem perature are properly
controlled. A preferential < 1 1 1> orientation o f the surface m odified zone shows that
< 1 1 1> is the favorable grow th direction. The preferential growth along < 1 1 1> is probably
due to easy dissolution and accum ulation o f nitrogen at the { 1 1 1 ) oxygen close packed
planes [168], However, it is still not quite clear w hether carbon has sim ilar characteristics
to nitrogen.
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Fig. 8-21. XRD patterns o f 3Y -TZP sam ples by surface carbonitriding at 1600°C for 4 hrs
at distance o f (a) 5 |im and (b) 250 |J.m from the surface.
However, such a w ell-developed colum nar grow th is rather unusual in solid-state
reactions. Yan and Johnson [378] have reported the developm ent of elongated grains in
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(M n, Zn)-ferrite when titanium ions diffuse from the specim en surface, but the exact
mechanism leading to such m icrostructrual evolution has not yet been suggested. In the
carbonitriding of Y-TZP, the colum nar grains grow only to a critical length. In the alloy
ingot, the nuclei for the central equiaxed zone are provided by the turbulent convection
flow in the melt. W hen the convection is decreased, the nucleation rate is decreased, and
colum nar growth

predom inates in the ingot structure [376]. Phenom enologically, the

developm ent o f the equiaxed-grained structure during carbonitriding is the result o f a
phase transform ation predom inated by nucleation. The form ation o f the outerm ost
equiaxied-grained zone therefore can be explained in term s o f the large nitrogen and
carbon supersaturation and the resultant high rate o f nucleation. This result agrees well
with C hung’s study [377] on pure nitriding o f Y-TZP regarding m icrostructural evolution.
Since the carbon does not form a com pound with Y-TZP as discussed in Section 8.2.1, it
is believed that the m icrostructural evolution o f carbonitrided Y-TZP is m ore nitrogen
related.
Fig. 8-22 (a) shows a bright-field TEM image o f the carbonitrided surface layer o f the
specim en that has been treated at 1400°C for 4hrs. TEM specim ens were prepared from
thin, cross-sectioned planes near the surface shown in Fig. 8-19. The surface layer
consists o f large m atrix grains and the oblate-lens-shaped precipitates. The size
distribution o f the precipitates is very broad. The length o f the observed precipitates
varies over a range o f ~ 0.2-4|im , with aspect ratios as large as -1 0 -1 2 . The precipitates
are dispersed rather random ly. H owever, some precipitates seem to lie at an angle o f -6 0 °
with each other. Fig. 8-22 (b) shows a SAED pattern taken along a <11 l> -type cubic
zone axis. In addition to the {220}-type cubic reflections, w eak {112}-type reflections,
which can be attributed to the tetragonal phase, were also observed.
Fig. 8-23 (a) and (b) show SAED patterns that have been obtained along the [ 2 33] cubic
zone axis for the matrix grain and a precipitate, respectively. The SAED pattern for the
m atrix grain (Fig. 8-23 (a)) shows the {113}, {133}, and {022} cubic reflections and
diffuse-band streaks. These diffuse-band streaks were observed in all the three <233>type zone axes, which are consistent with Fig. 8-23 (b), w here the streaks appear in all
three crystallographic directions around the {220}-type reflections. On the other hand, the
pattern for the precipitates exhibits the {320}- and {011}-type tetragonal reflections, in
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addition to the reflections that are com mon to the cubic phase. The number o f diffuseband streaks is decreased significantly, in com parison with the cubic matrix.

(a)

(b)

Fig. 8-22. (a) Bright-field TEM image o f the carbonitrided layer cut from near surface;
(b). Selected-area electron diffraction (SAED) pattern for the [ 1 11] cubic zone axis.

•

•

♦

•
(a )

(b)

Fig. 8-23. SAED patterns o f (a) the matrix grain and (b) a precipitate in Fig. 8-19(a) for
the [2 33] cubic zone axis.
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The tetragonal precipitates in carbonitrided Y-TZP are thin, oblate ellipsoids, sim ilar to
those observed in M g-PSZ. In M g-PSZ, the c param eter o f the tetragonal phase (c,) is
considerably larger than the a param eter o f the cubic phase (ac), whereas the a param eter
o f the tetragonal phase (a,) is sim ilar to ac [379]. XRD results in carbonitrided Y-TZP
showed also that ac is sim ilar to a, but sm aller than c,\ a, /a c = 0.9978 and ct /a c = 1.0115
at 1400°C. Assum ing that the nitrogen and carbon have no significant effect on the elastic
anisotropy o f the cubic grains, the tetragonal precipitates in carbonitrided Y-TZP may
grow preferably along the a-axis to m inim ize the lattice strain, resulting in a thin plate
morphology. In Ca-PSZ and Y -PSZ, on the other hand, ac differs from a, and c, alm ost to
the same extent, resulting in a m ore-equiaxed shape o f the precipitates [379] .
As in M g-PSZ, the precipitates o f carbonitrided Y-TZP are expected to have the habit
plane close to {001}. The specim en plane in Fig.8-22(a) is alm ost parallel to a < 1 1 1>
zone-axis orientation. Therefore, the precipitate projections with a long axis within the
[001} habit planes will take an angle o f ~60° w ith each other, as observed. The tetragonal
precipitates in the carbonitrided Y-TZP shown in Fig. 8-22(a) are large (up to ~4pm in
size) and have aspect ratios o f up to -1 2 . In M g-PSZ, hom ogeneous precipitates, 0.25(im
long with aspect ratios o f typically 5-6, were produced when annealed at 1420°C for 2hrs
[380]. However, it was reported that the grow th o f precipitates with aspect ratios o f up to
40 may be obtained, given the lattice m ism atches that have been observed in M g-PSZ
[380], The fast diffusion o f nitrogen ions [377] and carbon atoms [370], com pared with
the other cation stabilizers, should also be responsible for the large size o f the
precipitates.
The critical grain size for spontaneous t—>m transform ation for 3Y -TZP is claim ed to be
~ l|im [174]. Thus, the present results suggest that the stability o f the interior o f the
surface carbonitrided 3 Y-TZP m ust be achieved by the m echanism s other than cation
stabilization. The study o f C heng et al. [167] show s that the introduction o f nitrogen into
zirconia creates oxygen vacancies in the anion sublattice as required by charged neutrality
when N 3' replace for O 2' in the structure, being sim ilar to those obtained by low er valancy
cation substitution for zirconium . There is essentially no structural difference betw een the
cation-related vacancy and the anion-related vacancy, and their effects on the stabilization
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o f zirconia are additive. The zirconia structure can, when form ed in the Zr-Y -O-N system ,
tolerate a total o f 6% o f vacancies in the anion lattice w ithout deviating from the original
fluorite structure; above this limit, ZrN precipitates. Therefore, the m ost possible
m echanism for nitrogen-stabilizing is the outward diffusion o f lattice oxygen by the low
oxygen partial pressure o f the atmosphere. This m echanism is supported by the color
change that has been observed in the nitrided Y-TZP[381].
The thicknesses o f the surface treated layers for 3 Y-TZP after different surface treatm ents
at 1500°C for different treatm ent times are com pared in Fig. 8-24. It is found that a
shorter tim e is needed to obtain the sam e thickness o f surface stabilized layer for
carbonitriding than for the individual gas nitriding or carburizing processes. This makes
the carbonitriding process m ore attractive for com m ercial application. The reaction at the
surface o f 3Y-TZP with nitrogen gas and ZrN can be expressed as [377]:

3 0 0x - N 2 (g) - » 2 N0' + V 0" + 3 /2 0 2 (g)

(8-5)

3 Q 0X- 2N (ZrN) -> 2 N0' + V 0" + 3 0 (ZrN)

(8-6)

F or reaction (8-5), nitrogen and oxygen m olecules are involved in a com plicated series o f
reaction steps: adsorption(desorption), dissociation(association), and charge transfer
process. Therefore, the energy barrier for the nitriding through reaction (8-5) is higher
than that fo r reaction (8-6). H owever, for reaction (8-6), the transport o f atom s (or ions)
o f nitrogen and oxygen across the boundary between ZrN and 3Y-TZP is relatively easy,
which explains the difference in nitriding kinetics. Thus, for the sam e time, it can be seen
from Fig. 8-24, the carbonitrided layer produced with ZrN and graphite pow der is much
thicker than the nitrided layer produced with nitrogen gas only. The influence o f carbon
ions on diffusion speed is obvious since it does not need replace 0 “' in the structure like
N 3' does. On the contrary, it directly diffuses into the interstitial sites at a fast speed.
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Surface nitriding by gas
Surface carburizing by graphite powder
I Surface carbonitriding by ZrNand graphite powder

E- 400 -

0.5

1.0
Time, (h)

2.0

Fig.8-24 Thickness o f the surface treated layers for 3Y -TZP after different surface
treatm ents at 1500°C for different treatm ent times

Table 8-5 show s the effect o f tem perature on grain grow th after surface carbonitriding at
different tem peratures. Since the bending strength o f Y -TZP is closely related to its grain
size, usually, the larger grain size, the lower bending strength. This explains both why the
bending strength o f 3Y -TZP after the 1400°C carbonitriding is higher than that o f 3YTZ P after carbonitriding at 1500°C and 1600°C, and also the results for surfacecarburized[371] and surface-nitrided 3Y-TZP[371] since they were treated at 1500°C and
1700°C respectively: see Fig. 8-25. The low er strength o f 3Y-TZP after 1200°C and
1300°C carbonitriding can be attributed to a shallow carbonitriding layer form ed at
relatively low tem peratures as shown in Fig. 8-26 and Fig. 8-27. It has been shown that
the degradation can not be effectively prevented when the surface m odified layer is less
than 200jim thick (see Fig. 8-25, Fig. 8-26 and Fig. 8-27). The effect on bending strength
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of the introduction o f both nitrogen and carbon ions into tetragonal zirconia is also
com pared with the individual effects o f nitrogen or carbon ions in Fig. 8-25.

Table 8-5 Com parison o f the average grain size for 3Y -TZP surface-carbonitrided at
different temperatures____________________________________________________________ _
Treatm ent
temperature

1200

1300

1400

1500

1600

°C

°C

°C

°C

°C

Grain size

0.98

1.03

1.22

1.68

2.61

(pm )

±0.15

±0.18

±0.14

±0.21

±0.17
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carbonitriding
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carbonitriding

at
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at
at

1600°C for2hrs
1500°C for2hrs
1400°C for2hrs
1300°C for2hrs
1200°C for2hrs

3. Zhao et al's[371] data after surface carburizing for2hrs
2. Zhao et a l's [371] data after surface nitriding for2hrs
1. Zhao et al’s [371] data for 3Y-TZP
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Fig. 8-25 B ending strength for 3Y-TZP and surface heat treated 3Y -TZP before and after
hydrotherm al treatm ent at 200°C and 1.2MPa for different exposure times.
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Fig. 8-26 Thickness o f the surface-carbonitriding layer as a function o f heat-treatm ent
tim e for 3Y -TZP treated at 1200°C, 1300°C, 1400°C, 1500°C and 1600°C.

9

2

8

o08 77

0
&6
(/)
c
© c

1 5

c0
Q
) 4>i
Q.
?»

10

Is

1200°C

1 1
0

200

400

800

600

Distance from the surface,

1000

(^m)

Fig. 8-27 AES line scan o f the 3Y-TZP samples after surface carbonitriding at different
tem peratures for 2 hrs.
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The effect o f the exposure tim e in a hydrotherm al environm ent on the m onoclinic phase
content for materials after carbonitriding at different tem peratures are com pared with the
individual carburizing and nitriding treatm ents[371], in Fig. 8-28. The stability induced
by carbonitriding at 1400°C is even greater than that induced by individual surface
carburizing at 1500°C and surface nitriding by nitrogen gas at I700°C . The x-ray
diffraction results show that there is alm ost no m -phase present in the surface o f surfacecarbonitrided 3Y-TZP above 1300°C after a hydrotherm al treatm ent. The stronger surface
stability is attributed to the sim ultaneous effects o f nitrogen and carbon ions since
nitrogen and carbon ions occupy totally different sites in the zirconia lattice as discussed
in Section 8.2.1.
80

—O— sc at teocpC for 2hrs
■*— Zhao et al's data [371] af ter 9C for 2hrs
■v— Zhao et al's data [371] after SN f a 2hrs
+— Zhao et al's data [371] f a 3Y-TZP
■+— SCat140CPCfa2hrs
■X— SCat150CPCfa2hrs
-o— SCat130CPCfa2hrs
■*— SCat120CPCfa2hrs

0

100

200

300

Exposure time,

(h)

400

500

SC— surface carbonitriding
SN— surface nitriding

Fig. 8-28 Comparison o f the m -phase content for 3Y -TZP and different surface heat
treated 3Y-TZP samples before and after a hydrotherm al treatm ent at 200°C and 1.2MPa
for different exposure times.
Fig. 8-27 show s the com bined concentration o f carbon and nitrogen w ithin the
carbonitrided layer as determ ined by A uger electron spectroscopy (A ES). The results
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show ed that the com bined content o f carbon and nitrogen decreased approxim ately
linearly from the sam ple surface. A higher surface carbonitriding tem perature resulted
in a higher surface concentration. H ow ever, the concentration at the interface was found
to be alm ost constant, regardless o f the carbonitriding tem perature. This agrees well
w ith Chung et a l’s [377] results for surface nitriding. The only difference is that the
diffusion rate o f cabonitriding is slow er than for pure nitriding when em bedded in ZrN
pow der. It is believed that the interference from carbon diffusion reduces the fast
diffusion rate o f nitrogen. Such concentration profile for carbonitriding o f the surface
layer indicates that the form ation o f the surface m odified layer was controlled by the
diffusion process.
Fig. 8-26 shows the thickness (d) o f the surface-carbonitriding layer as a function o f heattreatm ent time (t) for different tem peratures. A t a given tem perature, the relationship d *
tn , w here n ranges from 0.4 - 0.6, is found, which is in good agreem ent with the parabolic
rate law. This further proves that the carbonitriding process is controlled by diffusion.
The diffusion process through the surface carbonitrided layer should account for the
parabolic rate law. However, w hether

nitrogen, or carbon ions, are the prevalent

diffusion species is still not clear.
In order to accurately evaluate the rate constant, k, the data in Fig. 8-26 were fitted to the
m odified equation (8-4):

d = k«( t + to)

1/2

(8-7)

to was determ ined to be around -0 .9 5 h at 1200°C, -0 .7 0 h at 1300°C, -0 .4 0 h at 1400°C,
0.15h at 1500°C, and 0.30h at 1600°C. Chung et al [377] thought that the negative to
value at low er tem peratures can be attributed to the induction period for surface
nucleation and incorporation. The positive to value at higher tem peratures can be
attributed to the nucleation and grow th that is already occurring during the heating stage.
The parabolic rate constant, k, determ ined using Eq. (8-7) is plotted as a function o f the
reciprocal tem perature in Fig. 8-29, and the activation energy w as determ ined to be 257
kJ/mol. It is found that the activation energy o f carbonitriding is larger than that for the
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oxygen diffusion, 118kJ/mol [382] and that for pure nitrogen diffusion, 185kJ/mol [377].
The diffusion process through the transformed layer should account for the parabolic rate
law. Diffusion o f nitrogen and carbon ions in the surface layer occurs via either anion
vacancies (for nitrogen)[377] or interstitial atoms (for carbon)[371], which have much
higher mobility than the cations (Zr, Y, etc.). The reported ZrC>2 diffusion data[377, 382384], such as D?s = 3.5x10 '2exp(-387kJ/m ol/RT) cm 2 /s, Dy = 2.7xlO ''exp(-423kJ/m ol/R T )
cm 2 /s, D 0 = l xl O ' 2 ex p (-l 18kJ/mol/RT) cm 2 /s, Dn = 7 .5 x l0 ' 2 exp(-185kJ/m ol/R T) cm 2 /s,
justify the assumption that Dzr, Dy «

Dn «

Do. Therefore, based on the analysis o f the

differences in their activation energies, it is believed that the com bined diffusivity o f
carbon and nitrogen is low er than that for pure nitrogen diffusivity and oxygen, but much
higher than that for cations in ZrOa.

1700 16p0 15pp

1400

13p0____ l^QQ______ I4 QQ.

CNJ

Activation energy = 257 kJ/mol

— 1E-6

1E-7
0.45
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1 0 0 0

/T
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0.70
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(K'1)

Fig. 8-29. Parabolic rate constants plotted as a function o f the reciprocal surface heat
treatm ent temperature.

8.4.1. SUMMARY
The low -tem perature (200°C) environm ental degradation in w ater o f tetragonal zirconia
polycrystals doped with 3mol% yttria (3Y-TZP) was effectively prevented by a
carbonitriding heat treatm ent process. The stronger surface stability is attributed to the
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sim ultaneous effects o f nitrogen and carbon ions since nitrogen and carbon ions occupy
totally different sites in the zirconia lattice. The thickness o f surface transform ed layer
was observed to increase by a parabolic rate law which shows that the carbonitriding
process is controlled by diffusion. It is found that the com bined diffusivity o f carbon and
nitrogen is low er than for pure nitrogen diffusivity and oxygen, but much higher than for
cations in ZrC>2 .
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CHAPTER 9

THE EFFECT OF A HIGH STRENGTH ELECTRIC FIELD ON THE
DEGRADATION

9.1. INTRODUCTION
A lthough the effects o f oxygen vacancies on stability o f TZP (see Section 2.4.2.1 from
C hapter 2 for details) and on the low tem perature environm ental degradation (LTED) o f
Y -TZP (see Section 2.10 from C hapter 10 for details) have been known for many years
[260, 385], there is little or no experim ental evidence to support the involvem ent o f
vacancy migration. K im et al. [386] showed that Y-TZP can degrade at the anode side o f
electrolyte (3Y-TZP) under an applied electric field. H owever, no clear defect diffusion
m odel was proposed as to why the degradation can occur. Therefore, the stability o f both
3Y -TZP and a surface-carbon-doped 3Y -TZP was studied under an applied electric field
to help elucidate the relationship between oxygen vacancy diffusion and LTED o f YTZP.

9.2. RESULTS AND DISCUSSION
The sam ple preparation for the electrical field tests was sum m arized in Section 3.1.2.2
and the experim ental setup details for the high strength electrical field treatm ent can be
found in Section 3.2.2.
The degradation o f 3Y-TZP and surface-carbon-doped 3Y -TZP at 200°C under lkV /m m
electric field for different aging tim es was com pared with 3Y-TZP at 200°C without an
applied electric field and is show n in Fig. 9-1. The volum e fraction o f m onoclinic phase
for 3Y -TZP from both the anode and the cathode sides produced by the electric field
increased in a parabolic rate law m anner which shows that the transform ation is
controlled by a diffusion process. A lthough the isotherm al t to m phase transform ation
can take place with or w ithout an applied electric field in 3Y-YZP, the electric field
significantly influences the transform ation. U nder an applied electric field, the m-phase
content o f 3 Y-TZP near the anode surface is much higher than that near the cathode
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surface, and even higher than that o f 3Y-TZP without an applied electric field. It is thus
suggested that the low tem perature degradation o f Y-TZP results from the diffusion and
migration o f oxygen vacancies since only the oxygen vacancies have an effective positive
charge which can migrate under an applied electric field. H ow ever, it is found that the
stability o f a surface-carbon-doped Y -TZP was not decreased significantly when a high
strength electric field was applied. The stronger stability o f carburized Y-TZP may be
attributed to the nature o f carbon in the Y-TZP lattice, w here it exists in interstitial sites
as a atom, rather than an ion w ith positive or negative charges as found from Section

8 . 2 . 1.

120
—n— 3Y-TZP (anode side)
— •— 3Y-TZP (without electric field)
—*— 3Y-TZP (cathode side)
—▼— surface-C-doped 3Y-TZP (anode side)
— •— surface-C-doped 3Y-TZP (cathode side)

110
100

80
70
60

Q.

40
30

0

5

10
Aging time,

20

15

(h)

Fig. 9-1 Com parison o f the m -phase content for 3Y -TZP and surface-carbon-doped 3YTZP at 200°C under a lk V /m m electric field at air for different aging times.
The influence o f tem perature on the degradation o f 3Y -TZP and surface-carbon-doped
3Y-TZP at a constant electric field o f lkV /m m for

8

hrs (the difference in m -phase

between the two sides) is com pared with 3Y -TZP w ithout applied electric field in Fig. 92. It is found that the transform ation can be prom oted only in a specific tem perature
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range. This m ight be related to the different behavior o f oxygen and oxygen vacancies at
different tem peratures since the diffusion rate o f the oxygen atoms and oxygen vacancies
will be typically increased as the tem perature increases (as seen Fig. 9-3, the transport
kinetics in the oxygen sublattice is faster than that in the cation sublattice by about five
orders o f m agnitude). However, a further increase in tem perature will decrease the
degradation because o f the uniform distribution (no oxygen vacancy gradient anym ore) o f
oxygen vacancies resulting from easy m igration at high tem peratures. The sm aller
difference, o r no difference, in m -phase betw een the two sides for 3Y -TZP and surfacecarbon-doped 3Y-TZP under an electric field, and for 3Y -TZP w ithout applied electric
field (as shown from Fig. 9-2) provide further evidence for the role o f an oxygen vacancy
gradient on the t-phase stability.

80
3Y-TZP
-o— surface-C-doped 3Y-TZP
■a— 3Y-7ZP (without electric field)

70
60
50
40
30
Q.

20
10
0

/> o — °
A A
0

100

200

Temperature,

300

400

(°C )

Fig. 9-2. The influence o f tem perature on degradation o f Y -TZP at a constant electric
field o f lkV /m m for 8 hrs
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Fig. 9-3. A rrhenius plot o f diffusion data o f oxygen, C a and Zr in solid solutions o f
zirconia according to literature data [23, 382, 383, 387-392].

The influence o f different electric fields on the degradation o f 3Y -TZP and surfacecarbon-doped 3Y-TZP, at a constant tem perature o f 200°C for 4hrs (the difference in mphase between the two sides) is shown in Fig. 9-4. As for the influence o f tem perature on
degradation, it was found that the degradation had a m axim um value at a specific electric
field strength. W hen the electric field is low, any increase o f electric field increases the
potential gradient and thereby increases the m igration rate o f the oxygen vacancies. As
the electric field is further increased beyond that producing m axim um degradation, the
sample tem perature will increase because o f the ionic currents w hich generate heat in
insulators. W hen heat is produced faster than it is dissipated, because o f the low therm al
conductivity o f 3Y-TZP, electric current can flow between the electrodes by electrical
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breakdown. The different peak (degradation) positions for the two sam ples can be
attributed to the effects o f carbon on the lattice and any associated stress distributions.
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— a— 3Y-TZP
— • — su rface-C -d o p ed 3Y-TZP
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Fig. 9-4. Influence o f electric field on degradation o f Y-TZP at constant tem perature o f
200°C for 4hrs

A ccording to the Zr-ZC >2 phase diagram [393] (as shown in Fig. 9-5), the oxygen
vacancies in zirconia can low er the phase transition tem perature and enlarge the cubic and
tetragonal phase areas. Any decrease in the oxygen vacancy concentration, will increase
the instability o f the high-tem perature phases at a given tem perature.
K ountouros and Petzow [75] showed that a hom ogeneous distribution o f oxygen
vacancies plays a very im portant role in the nature o f stabilized ZrC>2 . For exam ple,
regions w ith low vacancy concentration favour the m-phase, o r a high vacancy
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concentration tends to form the c-phase with large grains. Therefore, disagreem ents
w hich exist in the precise position o f the phase boundaries o f the adjacent phases between
m, m+t, t, t+c, and c in the Z r 0 2 -Y 2 0 . 3 phase diagram , as well as the discrepancies in the
precise location o f the equilibrium tem perature T0, are due to the “non-ideal” distribution
o f the oxygen vacancies as w ell as to the non-ideal dopant concentration (see Fig. 8-16 in
Section 8.3.1).
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A nother discrepancy has been investigated intensively regarding the position o f the
oxygen vacancy which is associated with each pair o f Y atoms. Even though there are
some experim ental results supporting the theory that Y is nearest neighbor to the vacancy
[274, 275], the most recent studies by Li et al. [89, 276, 277] proved that Y is next nearest
neighbor to the vacancy. Li et al. [89, 276, 277] concluded that the perturbation in the
neighborhood o f the dopant cation is small and short-ranged. For a better understanding
o f the dom ination in the stabilization m echanism by crystal distortions around the oxygen
vacancies, the im mediate vicinity o f an oxygen vacancy is shown in Fig. 9-6. No matter
which one (either the host or dopant cations) is the nearest neighbor to the effective
positive charged oxygen vacancies, it will m ove outw ards because o f the electrostatic
repulsion between the sam e charged species. This repulsion can cause the c-axis o f the
lattice to increase. However, the vacancy allow s the surrounding oxygen ions to draw
inward because o f Coulom b attraction and sim ultaneous repulsion from the next nearest
oxygen. The local bonding is disrupted and the im m ediate vicinity o f the oxygen vacancy
relaxes. This local lattice relaxation around the vacancy strongly perturbs several lattice
sites.

0

2+- vacancy
.4 +
-3 +

Fig. 9-6. Lattice relaxation o f the atoms neighbouring an anion vacancy in a doped ZrC^
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It is believed [75] that each oxygen vacancy has an area o f responsibility, or affected area,
in the crystal lattice. Both the phase stability and the grain size o f ZrCh are dependent on
the critical vacancy concentration. Fig. 9-7 shows a 3Y-TZP grain with 3 mol% Y 2 O 3 as
well as “3 m ol% ” created oxygen vacancies (one square represents “ 1 m ol% ” vacancies).
The affected/responsible area o f each vacancy is represented by a shaded circle around
the vacancy. A continuous increase o f the vacancy concentration with constant grain size
could be possible up to a certain concentration (m axim um vacancy solubility). A fter
exceeding the m axim um concentration responsible for the t-phase, the phase, as well as
the grain size, has to change because the sm all grain size can not afford such a high
vacancy concentration. Therefore, the t-phase has to transform to the c-phase. An
alternative explanation is that, the nontransform able t’-phase is a t-phase grain with a high
oxygen vacancy concentration which norm ally occurs in the c-phase.

Zr

o

Zr

\0

3Y -T Z P
“3 Y -T Z P ”

< 1 Mm

In c re a sin g v a c a n c y c o n c e n tra tio n a t c o n sta n t g ra in siz e

Fig. 9-7. The influence o f increased oxygen vacancy concentration on a 3Y -TZP grain
[75]

U nder a high strength applied electric field, the oxygen vacancy will m igrate from the
anode side to the cathode side. The depletion o f oxygen vacancies from the anode side
forces

the

grain

to

change

from

the

t-phase

to

the

m -phase
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affected/responsible area o f the vacancies can not cover the extended area and a nucleus
is form ed (dark shaded triangle region as shown in Fig. 9-8). The nucleus could be an
area o f the crystal lattice in w hich the vacancy concentration is not high enough (low er
than the critical minimum) in order to keep the phase metastable. Therefore, the
nucleation (free energy) barrier, AF*, is surm ounted and the grain transform s into the mphase. This proposed m echanism for the influence o f an applied electric field on the
oxygen vacancy migration and phase stability o f a 3Y -TZP is schem atically presented in
Fig. 9-8.
Since the m igration o f oxygen vacancies under an applied electrical field can decrease the
stability o f tetragonal zirconia in certain tem perature ranges, the potential application of
carburizing to zirconia may bring a new solution to prevent the property degradation o f
tetragonal zirconia seen in industrial electrochem ical applications, such as solid oxide fuel
cells. It is well known that oxygen can efficiently react with the surface o f zirconia. There
has been an accum ulation o f experim ental data indicating that the charge transfer kinetics,
accom panying incorporation o f oxygen into oxygen vacancies is rate controlling for the
overall gas/solid kinetics [394]. Therefore, any interface processing which may result in
an enhancem ent o f reactions w hich take place at the interface m ay be beneficial in
im proving zirconia’s perform ance in electrochem ical devices.
Fig. 9-9 illustrates the m echanism o f oxygen interaction w ith zirconia involving oxygen
adsorption at the cathode side, the form ation o f chem isorbed oxygen species, transport of
oxygen adsorbed species to the electrode\electrolyte\gas phase interface, reaction between
oxygen and oxygen vacancies, transport o f oxygen via zirconia and release o f oxygen at
the anode side. However, since the rate controlling step o f oxygen conduction involves a
surface reaction, such as ionisation o f oxygen at the oxygen/zirconia interface, rather than
bulk m obility o f oxygen vacancies, a controlled carburizing process plus som e local
doping should be a realistic m ethod to im prove both the stability and surface electronic
conductivity o f zirconia.
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O Zr

Anode side +
< 1 i»n

O Zr

3Y-TZP
< 1 pm

C athode side
< 1 Mm

Fig. 9-8. The proposed m echanism o f the influence o f an applied electric field on the
oxygen vacancy m igration and phase stability o f a 3Y-TZP
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ELECTRODE

BULK

Z IR C O N IA

BULK- .

Fig. 9-9. Illustration o f the m echanism o f oxygen interactions w ith zirconia in
electrochem ical devices, such as solid oxide fuel cells. (D s, Dj, D b l\ D b l” and Db
represent
rate
constants
of
the
processes
corresponding
to
surface,
oxygen/electrode/electrolyte interface, boundary layer (along and across) and bulk phase,
respectively) [394].

9.3. SU M M A R Y
Studies o f the influence o f a high strength electric field on the degradation o f 3Y -TZP
show that oxygen vacancies play an im portant role in the degradation process. The
volum e fraction of m onoclinic phase produced by the electric field increased in a
parabolic rate law m anner w hich shows that the transform ation is controlled by a
diffusion process. The effect o f tem perature at a constant electric field on the degradation
shows that the transform ation can be prom oted only in a specific tem perature range. The
stronger stability o f carburized Y-TZP can be attributed to the nature o f carbon in the YTZP lattice, w here it exists in interstitial sites as an atom, rather than an ion.
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D ifferent methods to increase the phase stability and to prevent the low tem perature
environm ental degradation o f Y-TZP have been investigated using both cation and anion
stabilizers. The main conclusions are:

1. The introduction o f both m ullite and alum ina into 3Y-TZP by a bulk-doping m ethod
was found to be effective in suppressing the tetragonal -» m onoclinic transform ation
induced by w ater during hydrotherm al treatm ent thus giving rise to better m echanical
properties. The beneficial effects o f alum ina on the phase stability o f the 3Y -TZP ceram ic
are considered to be due to the increase in elastic m odulus o f the constraining m atrix, as
well as to the segregation o f AI 2 O 3 at grain boundaries. The decrease in fracture
toughness caused by the addition o f AI2 O 3 can significantly reduced by the crack
deflection and grain bridging due to the debonding o f well developed, elongated or
acicular m ullite grains that are form ed in-situ.

2. The low tem perature environm ental aging transform ation kinetics o f Y -TZP w ere
followed by X-ray diffraction and white light interferom etry (W LI) m ethods. It is shown
that the isotherm al tetragonal-to-m onoclinic transform ation o f Y -TZP starts from the
surface and exhibits an incubation-nucleation-grow th mechanism.
The transform ation was m odelled using the Johnson-M ehl-Avram i equation. T he time
exponent, n, determ ined to be 3.7, which indicates that growth is in three directions.
The W LI results suggest that nucleation occurs fairly rapidly up to an aging tim e o f about
15-20 hrs at the hydrotherm al treatm ent tem perature o f 160°C, after w hich the nucleation
rate appears to reach a saturation level. In addition, it was found that the growth rate, G,
has a value o f 7.5xlO ' 10 m »s'' which was independent o f the hydrotherm al treatm ent time.
G lancing angle x-ray data showed that the depth o f the monoclinic layer form ed as a
result o f hydrotherm al treatm ent increases linearly with the hydrotherm al aging time.
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3. D egradation o f a 3Y-TZP ceram ic after annealing in hot w ater can be overcom e by a
surface C e 0 2 - and GeC>2 -doping m ethod especially when the doped layer thickness is
precisely controlled less than the critical flaw length o f 10 to 30pm . This is attributed to
surface doping leading to a localized increase in the CeC>2 and GeC>2 contents which
satisfy the requirem ents for stabilization o f the tetragonal phase. Surface GeCF-doping is
a slightly better than surface CeC>2 -doping for inhibiting degradation due to the different
stability mechanism s. The stability is achieved by relieving oxygen overcrow ding after
the oversized tetravalent dopant Ce4+ dilates the cation network and Zr-associated oxygen
vacancies (from trivalent cation Y 3+). However, the stabilization o f the tetragonal
structure by undersized Ge4+ is apparently achieved by cation ordering.
Low tem perature environm ental degradation o f 3Y-TZP ceram ic can be prevented by
controlled surface La 2 0 3 - and Fe 2 0 3 -doping. Surface 1-hour La 2 0 3 -doped m aterials with
a thickness o f doped layer o f 25 p m did not show the obvious decrease in mechanical
properties shown by 0.5m ol% La 2 C>3 bulk-doped 3Y-TZP. This behaviour is attributed to
surface doping overcom ing the form ation o f La 2 0 3 and La 2 Zr 2 C>7 since the extra La 2 0 3
can further diffuse to the centre o f a 3Y-TZP ceramic. However, com pared with surface
La 2 0 3 m odification, the effect o f surface Fe 2 0 3 m odification is relatively weak. The
im proved transform ation stability o f 3Y-TZP after surface La 2 0 3 and Fe 2 C>3 m odification
provides further confirm ation that oversized trivalent dopants are m ore effective than
undersized trivalent dopants in stabilizing the cubic and tetragonal phases.
The low tem perature environm ental degradation o f 3Y-TZP can be prevented by surface
CuO- and M gO-doping. For surface CuO -doped 3Y-TZP, this behaviour is attributed to
re-distribution o f yttria when sm all am ounts o f CuO form a liquid w hich can act as a
conduit. H owever, the effects o f surface M gO m odification result from the isolated nature
o f the tetragonal phase which is precipitated in a stable cubic zirconia m atrix phase. It is
found that the bending strength is alm ost constant for specim ens w ith different grain sizes
until the transform ation layer thickness exceeded 50 pm , and then it decreased with
increasing transform ation layer thickness.
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It is found that the best cation stabilizers are La 2 0 3 (1st), M gO (2nd) and C e 0 2 (3rd) if
evaluated based on the final bending strength that can be obtained after hydrotherm al
treatment.

4.

A

m ullite/yttria-stabilized

tetragonal

zirconia

polycrystal/alum ina

(m ullite/3Y-

TZP/AI 2 O 3 ) com posite with graded transform ation stability was fabricated by an
infiltration method. The im proved, and graded, transform ation stability can be attributed
to the existence o f a mullite concentration gradient, with the concentration decreasing
with increasing depth into the sam ple. The graded com posite displays a gradual change in
therm al expansion values due to the presence o f mullite. The partial loss o f the YTZP/AI 2 O 3 com posite’s fracture toughness due to the introduction o f AI2 O 3 , can be
prevented by grain debonding. The introduction o f mullite as a second phase in the
surface o f the com posite is very effective in inhibiting the low tem perature degradation o f
the Y-TZP/AI 2 O 3 com posite when the average volum e fraction o f infiltrated m ullite
w ithin the infiltration zone is m ore than

1 0

wt% , and the depth o f infiltrated m ullite is

more than 70 pm .

5. The low tem perature environm ental degradation in w ater/steam o f tetragonal zirconia
polycrystals (TZP) doped with 3mol% yttria can be prevented by a surface carbon-doping
method. The volum e o f the tetragonal phase increased in an exponential rate law m anner
with increasing carburizing tem perature and in a parabolic rate law m anner w ith the
increasing carburizing time. This shows that the transform ation from the m onoclinic to
the tetragonal phase is controlled by a diffusion process. It is found that carbon m ainly
exists in the octahedral interstitial sites in the TZP lattice as pure atom s, rather than in
substitutional interstitial sites o r form ing a Zr-O -C structure sim ilar to the Zr-O -N o r ZrY-O-N structures form ed after nitrogen is introduced into the TZP lattice. It is believed
that the lattice distortion o f 3Y -TZP resulting from the diffusion o f carbon into the
octahedral interstitial sites in the TZP lattice results in a strain-stress field to com pensate
for the possible loss o f internal strain and stress due to adsorption o f w ater at the surface.
Both C and N prom ote the stability o f TZP in a low tem perature environm ent even
though they stabilize Y -TZP by different mechanisms.
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The reverse transform ation, from the m onoclinic to the tetragonal phase, can be obtained
by carburizing at various tem peratures. The loss o f mechanical properties in a low
tem perature water-degraded 3Y -TZP ceram ic can be recovered by carburizing. The
stronger stability found by carburizing is attributed to the unique stabilizing mechanism
o f carbon. This method facilitates m echanical property recovery and the related crack
healing.
Low tem perature environm ental degradation can also be effectively prevented by a
carbonitriding process. The stronger surface stability o f the carbonitrided material is
attributed to the sim ultaneous effects o f nitrogen and carbon ions since nitrogen and
carbon ions occupy totally different sites in the zirconia lattice. The thickness o f the
surface transform ed layer was observed to increase with time by a parabolic rate law
w hich show s that the carbonitriding process is controlled by diffusion. It is found that the
com bined diffusivity o f carbon and nitrogen is low er than for pure nitrogen and oxygen,
but m uch higher than for cations in ZrC>2 .

6. The influence o f the high strength electric field on the degradation o f 3Y-TZP shows
that oxygen vacancies play an im portant role. The volum e fraction o f m onoclinic phase
produced by the electric field increased in a parabolic rate law m anner w hich shows that
the transform ation is controlled by a diffusion process. The effect o f tem perature at a
constant electric field on the degradation shows that the transformation can be prom oted
only in a specific tem perature range from 50 to 350°C.
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CHAPTER 11

RECOMMENDATIONS FOR FUTURE WORK

The nature o f the investigations undertaken in this research and the broad range of
stabilizers exam ined results in a large num ber o f possibilities for future work. However,
the suggestions here will be related principally to low tem perature environm ental
degradation prevention since this behavior seem s to be the lim iting factor restricting the
widespread use o f Y-TZPs as useful engineering materials. The following areas are
suggested for future work to further clarify this degradation phenom enon.

1.

Even though it is shown by x-ray and W LI analysis that the isotherm al tetragonal-

to-m onoclinic transformation o f Y -TZP starts from the surface and exhibits an
incubation-nucleation-grow th m echanism , it has not been established exactly what
determ ines which grain will nucleate first and the effect stress has on the transformation.
The quantitative model that allows an accurate prediction o f the m onoclinic fraction at the
surface o f the degraded Y-TZP ceram ic for the different given time and tem perature has
not been fully established yet.

2.

Only a limited num ber o f cation stabilizers have been studied for use with the

surface engineering method to prevent LTED in this research. B etter stabilizers
(mechanisms) may be found if further divalent, trivalent and tetravalent dopants are
exam ined for use with the surface-doping method. Also, determ ining the optim um doped
thickness for each cation stabilizer to effectively prevent LTED w ould be a very useful
criteria in controlling the degradation in practical applications.

3.

The actual quantitative stabilization m echanism and

why the surface anion

stabilizer (carbon) can strongly stabilize Y -TZP and not experience degradation has not
yet been determined. W hether the doped carbon atom s influence the distribution o f the
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vacancies and the nearest neighbour (NN) or the next nearest neighbour (NNN) relations
o f Y to the vacancy, is to be determined.

4.

The low tem perature stability m echanism for cubic zirconia should be analyzed

and m odeled by defect chem istry theory to indirectly determ ine the effects of oxygen
vacancies on the stabilization. How much higher oxygen vacancy concentrations exist in
the space-charge layers and m uch thinner oxygen vacancy depletion layers exist in the
surfaces and the grain boundaries o f cubic zirconia than in tetragonal zirconia w ould help
to explain w hy cubic zirconia ceram ics never degrade in low tem perature environm ents.
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APPENDIX

APPENDIX I

CO-PRECIPITATION PROCESS

The follow ing flow chart show s the precipitation process which consists o f the form ation
o f a solid product from a liquid solution (all YaCb-ZrC^ pow der products used in this
study are m ade by this process). This process is usually initiated by a change in either the
tem perature or pressure, causing the solubility lim it o f the desired species to be exceeded.
H ow ever, a chem ical precipitating agent can also be used for the sam e purpose.
Precipitation is a nucleation and grow th process.

High nucleation and slow grow th rates are required to produce fine pow der particles. The
chem ical equilibria, purity and physical nature o f the precipitates are influenced by a
large num ber o f variables: tem perature, concentration, atmosphere, pH value and the
order and m ixing rate. Precipitation o f a single com pound with the desired stoichiom etry
is possible, but co-precipitation (the m ixing o f com pounds from a m ulti-com ponent
system) is m ore com mom, i.e. ZrC>2 -Y 2 C)3 .
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APPENDIX II
PARTICLE SIZE ANALYSIS
Particle size distributions o f zirconia pow ders with 3 mol% Y 2 O 3 are shown in the
following two figures.
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APPENDIX III

CALCULATION OF FRACTURE TOUGHNESS
W hen the chevron-notch specim en is loaded, a crack initiates at the tip o f the triangle
producing a crack front o f length b (Fig. 3-14). To estim ate the com pliance o f the
specim en with its trapezoidal crack/notch, Bluhm divided the specim en into n slices o f
uniform thickness Az, in w hich m slices are contained in the straight-through portion o f
the trapezoid and (n-m) slices in the tapered portion. The crack length is x. In the straightthrough region, x=a.
The com pliance o f a slice o f thickness Az=B/n and crack length-to-w idth ratio £=x/W is:

C s(S )= C s© (B /A z )

(1)

w here C(§) is the com pliance o f a straight-through crack specim en o f thickness B, crack
relative length §, and relative spans Si/W and S 2 /W .
Bluhm recognized that the com pliance o f the slices is affected by interlam inar shear
stresses. To account for this, the slice thickness Az is replaced by an effective thickness
Az’ = k Az.
For that portion o f the specim en with a tapered crack front,

Cs(S)=Cs($(B/A z’)

(2)

For that portion with a straight-through crack front o f length b, there are no interlam inar
shear stresses and therefore k = l. The thickness o f a slice in this region can be expressed
as Az=b/m and the com pliance o f a slice by

Cs©= C(a)(B/Az)= C(a)(B/b)/m= C(a) [(a 1- a 0) /(a- a o)]/m
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The total com pliance Ctr o f the trapezoidal-crack specim en is obtained by sum m ing the
reciprocals o f the com pliance o f the slices:

1/ C

tr =

£

(

1/ C

(4)

S ),.

i=m+1

This equation may be expressed in partitioned form as:

m

it

i/c tr= £ [ i /csm
1=1

+ £ [ i icsm
/

(5)

i=m+l

or

1/ C

tr = [ ( a - a 0) / (

a

a

0) ] [ l /

C (a )]+ (k /n )

£

[

1/ C

( £ ) ]

(6)

i=m+1

The straight-through crack specim en com pliance is obtained by integrating Eq. (3-20):

C © = ( 2 /E ’B ) J y 2( £ ) ^ + C0

(7)

and

u

C (a )= (2 /E ’B) \ Y \ 4 ) d ^ + C0

(8)

w here Co is the com pliance o f a specim en w ithout a notch or crack and is given as [333]:

E 'B

1
e 'B

Sj + 2S2

1+ v

AW

2 ( S , + S 2) / W_
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U sing this slice approach o f Bluhm , Kic is expressed as:

. 1/ 2

P
1 dC,r or, - a Q
K,c 1
B-y/w\.2 d a a - a 0
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